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Background: Primary open-angle glaucoma (POAG) patients exhibit widespread white matter (WM) degeneration throughout their visual pathways. Whether this degeneration starts at the pre- or post-geniculate pathways remains unclear. In this longitudinal study, we assess the progression of WM degeneration exhibited by the pre-geniculate optic tracts (OTs) and the post-geniculate optic radiations (ORs) of POAG patients over time, aiming to determine the source and pattern of spread of this degeneration.

Methods: Diffusion-weighted MRI scans were acquired for 12 POAG patients and 14 controls at two time-points 5.4 ± 2.1 years apart. Fiber density (FD), an estimate of WM axonal density, was computed for the OTs and ORs of all participants in an unbiased longitudinal population template space. First, FD was compared between POAG patients and the controls at time-point 1 (TP1) and time-point 2 (TP2) independently. Secondly, repeated measures analysis was performed for FD change in POAG patients between the two time-points. Finally, we compared the rate of FD change over time between the two groups.

Results: Compared to the controls, POAG patients exhibited significantly lower FD in the left OT at TP1 and in both OTs and the left OR at TP2. POAG patients showed a significant loss of FD between the time-points in the right OT and both ORs, while the left OR showed a significantly higher rate of FD loss in POAG patients compared to the controls.

Conclusions: We find longitudinal progression of neurodegenerative WM changes in both the pre- and post-geniculate visual pathways of POAG patients. The pattern of changes suggests that glaucomatous WM degeneration starts at the pre-geniculate pathways and then spreads to the post-geniculate pathways. Furthermore, we find evidence that the trans-synaptic spread of glaucomatous degeneration to the post-geniculate pathways is a prolonged process which continues in the absence of detectable pre-geniculate degenerative progression. This suggests the presence of a time window for salvaging intact post-geniculate pathways, which could prove to be a viable therapeutic target in the future.
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INTRODUCTION

Primary open-angle glaucoma (POAG) is a degenerative optic neuropathy and a major cause of irreversible blindness worldwide (Tham et al., 2014). POAG is characterized by the death of retinal ganglion cells (RGCs) and progressive visual field loss (Weinreb and Khaw, 2004). While an increase in intraocular pressure is recognized as a major risk factor, the underlying pathophysiology of POAG remains unclear (Weinreb et al., 2014).

Over the past decade, cross-sectional MRI studies of POAG patients have found evidence of structural degeneration along the entire length of their visual pathways (Garaci et al., 2009; Engelhorn et al., 2011; Bolacchi et al., 2012; Nucci et al., 2012; Zikou et al., 2012; Chen et al., 2013; El-Rafei et al., 2013; Lu et al., 2013; Michelson et al., 2013; Murai et al., 2013; Wang et al., 2013; Frezzotti et al., 2014, 2016; Kaushik et al., 2014; Omodaka et al., 2014; Sidek et al., 2014; Tellouck et al., 2016; Zhou et al., 2017; Song et al., 2018; Li et al., 2019; You et al., 2019). Degeneration was reported in both pre-geniculate pathways, including the optic nerves and optic tracts (OTs), and post-geniculate pathways, comprising the optic radiations (ORs) and visual cortex. The cause of the reported degeneration in post-geniculate pathways is still a matter of debate. The spread of glaucomatous degeneration from pre- to post-geniculate pathways through anterograde trans-synaptic degeneration is the most widely accepted explanation (Calkins and Horner, 2012). However, some have suggested that glaucomatous degeneration originates in the post-geniculate pathways and then reaches the pre-geniculate pathways through retrograde trans-synaptic degeneration, eventually producing the characteristic RGCs death and vision loss found in POAG (Davis et al., 2016; Lawlor et al., 2017), although this is not a mainstream opinion. If retrograde trans-synaptic degeneration is in fact responsible for the degenerative changes found in the pre-geniculate pathways, and hence the retina, POAG could be considered as a primarily degenerative disease of the brain rather than the eyes. Additionally, some MRI studies have reported degenerative changes beyond vision-related areas of the brain, further suggesting the presence of an independent brain component in POAG (Frezzotti et al., 2014, 2016).

Using a novel method for analyzing diffusion-weighted MRI (DWI) known as fixel-based analysis (FBA; Raffelt et al., 2017), we have recently characterized degenerative WM changes of the visual pathways in POAG in terms of microstructural axonal loss and macrostructural atrophy (Haykal et al., 2019). In contrast to conventional methods of DWI analysis, FBA produces biologically interpretable measures of white matter (WM) structural degeneration. These measures are: fiber density (FD), fiber-bundle cross section (FC), and fiber density and bundle cross section (FDC). FD is an estimate of axonal density in a WM fiber bundle, reflecting degeneration on a microstructural scale. FC, on the other hand, is a morphological measure of changes in cross-sectional area experienced by a WM fiber bundle, reflecting degeneration on a more macrostructural scale. FDC is a combined measure of both FD and FC, reflecting the overall information carrying capacity of a WM fiber bundle. Using FBA, we found evidence of microstructural axonal loss in the OTs and ORs of POAG patients and evidence of macrostructural atrophy in their OTs only. Animal studies have indicated that axonal loss precedes atrophic changes in glaucomatous WM degeneration (Ito et al., 2009). Therefore, we proposed that our findings could be evidence that the OTs were exhibiting signs of later stages of degeneration compared to the ORs. In turn, this would imply that glaucomatous degeneration of the OTs precedes that of the ORs, hence implicating anterograde trans-synaptic degeneration. However, as our study was cross-sectional in nature, this interpretation remained strictly speculative. In fact, to date, all MRI studies of WM degeneration in POAG have been cross-sectional, limiting their ability to identify the source and pattern of progression of this degeneration over time.

To address this issue, we re-invited participants of two of our previous DWI studies of POAG (Hernowo, 2012; Hanekamp, 2017) to assess the progression of WM degeneration exhibited by their visual pathways since the initial studies were undertaken. We used FBA to investigate degenerative progression in the pre-geniculate OTs and the post-geniculate ORs of the POAG patients compared to the controls. By doing so, we aimed to determine the source and pattern of spread of visual pathway WM degeneration in POAG.



MATERIALS AND METHODS


Ethical Approval

This study adhered to the tenets of the Declaration of Helsinki and was approved by the ethics board of the University Medical Center Groningen (Approval number: 2017/232). A written informed consent was provided by all participants.



Participants

During the periods of April 2008 to December 2009 and May 2013 to June 2014, 27 POAG patients and 27 controls participated in two DWI studies of WM degeneration in POAG (Hernowo, 2012; Hanekamp, 2017). All surviving participants (24 POAG patients and 27 controls) were invited to participate in the current retrospective follow-up investigation, of which 14 POAG patients and 17 controls agreed to participate again. The inclusion criteria for the POAG group were: having participated in one of the two previous DWI studies and being diagnosed with POAG. For POAG, reproducible visual field loss had to be present in at least one eye. The visual field loss had to be compatible with glaucoma, accompanied by glaucomatous optic neuropathy (defined as a vertical cup-to-disc ratio above 0.7 or notching), and without any other explanation. Open angles on gonioscopy were required as well as absence of signs of pigment dispersion, pseudoexfoliation, or secondary causes of glaucomatous optic neuropathy. The inclusion criteria for controls were: having participated in one of the two previous DWI studies, having no visual field defects, having a decimal visual acuity score of 0.8 or higher, and having an intraocular pressure (IOP) of ≤21 mm Hg. General exclusion criteria for both groups were: development of any ophthalmic, neurologic or psychiatric disorders since the initial studies were undertaken, having any contraindication to being inside an MRI scanner, and the detection of apparent lesions or abnormalities in the acquired MRI scans. Two POAG patients were excluded, both for having MRI-incompatible cardiac implantations. Three controls were excluded, one for experiencing a transient ischemic attack since participating in the initial studies, one for having a possible metal shrapnel in an eye, and one for having an IOP >21 mmHg during assessment for recruitment in the current follow-up. In total, 12 POAG patients and 14 controls were included in this longitudinal study (Table 1). Follow-up data was acquired during the period of October 2017 to February 2018. The mean time interval between the initial and the follow-up visits was 6.1 ± 2.4 years for POAG patients and 4.8 ± 1.7 years for controls (P = 0.118). From hereon, both initial studies will be referred to as Time-point 1 (TP1) and the follow up investigation will be referred to as Time-point 2 (TP2).


Table 1. Group demographics and clinical characteristics at time-point 1 and time-point 2.
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Ophthalmic Tests

All included participants underwent the same ophthalmic tests that were performed at TP1. Visual acuity was tested using a Snellen chart with optimal refractive correction for viewing distance. IOP was measured using a Tonoref non-contact tonometer (Nidek, Hiroishi, Japan), which relies on a puff of air to applanate the cornea and estimates the IOP by measuring the force of the air jet at applanation. The RNFL thickness was assessed using laser polarimetry (GDx; Carl Zeiss Meditec, Jena, Germany) and expressed as Nerve Fiber Indicator (NFI). Laser polarimetry involves the projection of a beam of polarized light into the eye and estimating the RNFL thickness based on the phase shift experienced by the beam as it passes through the RNFL. Visual fields in POAG patients were tested using a Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, Jena, Germany) with 30-2 grid and SITA strategy, and the outcome was expressed as visual field mean deviation (VFMD). HFA works by projecting light stimuli of different intensities on a hemisphere covering the visual field being tested, and the patient is asked to press a button once they detect the projected light stimulus. For healthy controls, the visual fields were tested using frequency doubling technology (FDT; Carl Zeiss Meditec, Jena, Germany) C20-1 screening mode to screen for any visual field defects. All test locations had to show no reproducible abnormalities (P < 0.01) to be considered intact. FDT uses the frequency doubling phenomenon to test contrast sensitivity in different sections of the visual field and subsequently detect visual field defects. The outcome of the tests and duration of glaucoma for POAG patients are listed in Supplementary Table 1.



Image Acquisition and Pre-processing

The same MRI scanner and scanning protocol were used to acquire the DWI data for both studies at TP1. To ensure data comparability, the same MRI scanner and scanning protocol used at TP1 were also used in the current follow-up investigation. A Philips Intera 3T MRI scanner (Eindhoven, The Netherlands) was used, with either an 8- or 16-channel head coil, depending on the head coil used for the initial scan of each participant. The scanning parameters were as follows: field of view (FoV) = 240 × 240 × 102 mm, 51 axial slices, voxel size = 1.875 × 1.875 × 2 mm, echo time (TE) = 79 ms, repetition time (TR) = ~5,500 ms, EPI factor = 45, 60 diffusion gradient directions (b= 800 s/mm2) acquired in 2 phase-encoding directions (anteroposterior and posteroanterior) with a single b = 0 s/mm2 volume in each phase-encoding direction.

The acquired DWI data was then preprocessed, which included denoising to improve the signal-to-noise ratio (Veraart et al., 2016), correction for susceptibility (Andersson et al., 2003), motion and Eddy current induced distortions (Andersson and Sotiropoulos, 2016) in FMRIB's Software Library (FSL v5.011, https://fsl.fmrib.ox.ac.uk/fsl). Finally, bias field inhomogeneity correction (Tustison et al., 2010) and global intensity normalization was performed.



Fixel-Based Analysis

All FBA steps were performed using MRtrix3 (Tournier et al., 2019) according to the recommended FBA pipeline (Raffelt et al., 2017), unless specified otherwise. First, an average WM response function was derived from the DWI data of all participants (Tournier et al., 2013). Then, the DWI data was upsampled to an isotropic voxel size of 1.3 mm, and a fiber orientation distribution (FOD) map was produced for each participant using the average WM response function.

To build an unbiased longitudinal population template, we adapted a method described previously by Genc and colleagues (Genc et al., 2018). Figure 1 outlines the main steps followed. First, the FOD maps of each participant at TP1 and TP2 were co-registered to midway space using rigid body transformation, followed by the production of an intra-subject population template using iterative non-linear registration and averaging of both FOD maps (Raffelt et al., 2011, 2012). The produced intra-subject population templates of all 26 participants were then used to produce an unbiased longitudinal population template as described in the recommended FBA pipeline (Raffelt et al., 2017). Finally, all individual FOD maps were non-linearly registered to the longitudinal population template.
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FIGURE 1. Flow-chart summarizing the main steps for creating an unbiased longitudinal population template. First, an intra-subject template was created from TP1 and TP2 scans of each participant individually. Then, the intra-subject templates of all participants were used to create an unbiased inter-subject population template. To achieve spatial correspondence between all participants in template space, each of the participant's scans were warped from native space to template space using non-linear registration. To specifically analyze the visual pathways, the OTs and the ORs were tracked using probabilistic tractography in template space.


Subsequently, the FOD lobes were segmented to identify the fixels within each voxel. The produced fixels were then reoriented to achieve fixel correspondence with the population template and each fixel was assigned an FD value based on the amplitude of the FOD lobe they represent. Then, FC values were computed for each fixel based on the warps produced during their registration to the population template. Finally, FDC was calculated from the produced FD and FC values.

A whole-brain tractogram was produced using the longitudinal population template to determine local connectivity between fixels and hence allow the use of Connectivity-based Fixel Enhancement (CFE) for statistical inference (Raffelt et al., 2015). A total of 20 million streamlines were produced initially, then they were filtered down to 2 million streamlines using Spherical-deconvolution Informed Filtering of Tractograms (Smith et al., 2013) method to reduce tractography biases. To specifically analyze the visual pathways, the OTs and ORs were tracked in population template space as previously described (Haykal et al., 2019) and then converted to fixel masks to be used as regions-of-interest for FBA (Figure 1).



Statistical Analysis
 
Demographics and Clinical Characteristics

For group comparisons, independent-samples t-test was used for parametric continuous variables of equal variance, Welch's t-test was used for parametric continuous variables of unequal variance, Mann-Whitney U-test was used for non-parametric continuous variables, and χ2 test was used for categorical variables. Statistical significance was reported at P < 0.05.



Fixel-Based Analyses

Fixel masks produced from the tracked OTs and ORs were used as region-of-interest masks for FBA. All fixel-based analyses used non-parametric permutation testing and CFE for statistical inference (Raffelt et al., 2015). Following 5,000 permutation tests, fixels were assigned a family-wise error (FWE)-corrected P-value. Statistical significance was reported at an FWE-corrected P < 0.05. To visualize the results, streamline segments corresponding to fixels showing statistically significant outcomes were cropped from the produced population template tractogram and displayed.

We performed both cross-sectional and longitudinal fixel-based analyses of the data. The aim of the cross-sectional analyses was to qualitatively assess the spatial spread of degenerative changes in the POAG group. To do so, independent cross-sectional comparisons between FBA measures of the POAG group and the controls at TP1 and TP2 were performed to identify visual pathways exhibiting significant degeneration at each time-point. Sex, demeaned age at the time of scan, and type of head coil used were included as nuisance covariates.

The aim of the longitudinal analyses was to quantitatively assess the progression of visual pathway degeneration. Two different longitudinal analyses were performed. In the first of these, a repeated measures analysis was used to compare FBA measures of the POAG group at TP1 and TP2. The second longitudinal analysis served to ensure that any degenerative progression detected in the POAG group is not the result of natural age-related WM degeneration over time. To do so, we compared the progression of FBA changes over time between the POAG group and the controls. As the average time interval between the scans was not equal between the two groups (see Participants subsection), a rate of progression of FBA changes was calculated for each participant and used for comparison. For each participant, the rate of progression was calculated by subtracting each FBA metric TP1 image from its corresponding TP2 image, and then dividing the resulting difference image by the time interval in years, as described by Genc and colleagues (Genc et al., 2018). The average rate of progression of all three FBA measures were then compared between the two groups, adding sex, demeaned average age, and type of head coil used as nuisance covariates.



Supplementary Confirmatory Analyses

As the POAG group and the controls experienced unequal experimental time intervals on average, the results of the cross-sectional analyses may have been influenced by unequal amounts of natural age-related WM degeneration experienced by both groups. To ensure a qualitative comparability of the spatial spread of degenerative changes between the cross-sectional analyses at both time-points, participants from both groups were matched one-to-one based on approximately equal time intervals. This resulted in a total of nine pairs of time-interval-matched POAG patients and controls (see Supplementary Table 2 for matching details). Following time-interval-matching, the mean time interval was 5.2 ± 2.0 years for both groups. All cross-sectional fixel-wise analyses producing statistically significant results with all participants included were repeated for the time-interval-matched participants to confirm the results.

To further confirm the results of the longitudinal analyses, each FBA metric TP1 image was subtracted from its corresponding TP2 image, and the time interval for each subject was used as a regressor in the analysis. The differences in FBA measures were then compared between the two groups, adding sex, demeaned average age, and type of head coil used as nuisance covariates.



Correlation Between FBA Measures and Clinical Tests

To study the correlation between the change in FBA measures and the change in ophthalmic tests results over time in POAG patients, the average FBA measures (FD, FC, and FDC) for each tract (OTs and ORs) were first computed for each patient. Then, the values of the right and left tracts for each computed FBA value were averaged. The results of the ophthalmic tests were also averaged over both eyes for each patient. This was done to allow comparisons between the results of the ophthalmic tests and the FBA measures derived from post-chiasmatic pathways. Missing data points for both NFI and HFA tests were excluded from the analysis. Spearman's correlation analysis was used to investigate the correlation between the differences in the computed measures between the two time-points. Statistical significance was reported at P < 0.05.





RESULTS


Demographics and Clinical Characteristics

Table 1 summarizes the demographics and clinical characteristics of the POAG and control groups at TP1 and TP2. Participants of both groups did not differ significantly in age or sex at TP1 (P = 0.47, P = 0.72, respectively) or TP2 (P = 0.98, P = 0.72, respectively). The POAG group showed a significantly higher mean NFI compared to controls at both time-points (both P < 0.001).



Cross-Sectional Fixel-Based Analyses at Both Time-Points

Compared to the controls, the POAG patients exhibited a significant loss of FD in the left OT at TP1 and in both OTs and left OR at TP2 (Figure 2). No significant difference in FC was found between the groups at both time-points. FDC was significantly lower in both OTs of the POAG patients at both time-points, although the right OT showed an increase in spatial pervasiveness of the FDC loss at TP2 compared to TP1 (Figure 2).
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FIGURE 2. Significant loss of FD and FDC in the visual pathways of POAG patients compared to controls at Time-point 1 and Time-point 2. Loss of FD was found in the left OT at Time-point 1 and in both OTs and left OR at Time-point 2. Loss of FDC was found in both OTs at both time-points. Streamlines corresponding to fixels exhibiting significant (FWE-corrected P < 0.05) loss are overlaid on a representative axial slice of the inter-subject population template and colored according to their p-values. Images are shown in radiologic convention. FD, fiber density; FDC, fiber density and bundle cross section.




Longitudinal Fixel-Based Analyses

Within-subject repeated measures analysis of POAG patients showed a significant decrease in FD and FDC in the right OT and both ORs and a decrease of FC in the right OR between the time-points (Figure 3). The left OT showed no significant change in any FBA measure between the two time-points. Following comparison of the rate of change in FBA measures in POAG patients and controls, the left OR showed a significantly higher rate of FD loss in POAG patients (Figure 4). Rate of FC and FDC changes showed no significant difference between the groups.


[image: Figure 3]
FIGURE 3. Significant loss of FD, FC, and FDC in the visual pathways of POAG patients between Time-point 1 and Time-point 2. Repeated measures analysis of POAG patients reveals a significant loss of FD and FDC at the right OT and both ORs, and a significant loss of FC in the right OR. Streamlines corresponding to fixels exhibiting significant (FWE-corrected P < 0.05) loss are overlaid on a representative axial slice of the inter-subject population template and colored according to their p-values. Images are shown in radiologic convention. FC, fiber-bundle cross section; FD, fiber density; FDC, fiber density and bundle cross section.
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FIGURE 4. Significant difference in the rate of FD loss exhibited by visual pathways of POAG patients compared to controls. The left OR of POAG patients showed a significantly higher rate of FD loss compared to the controls. Streamlines corresponding to fixels exhibiting a significant (FWE-corrected P < 0.05) difference between groups are overlaid on representative axial (left) and sagittal (right) slices of the inter-subject population template and colored according to their p-values. Images are shown in radiologic convention. FD, fiber density.




Supplementary Confirmatory Analyses

In the confirmatory cross-sectional analyses, similar patterns of FBA changes were found in all repeated analyses for the time-interval-matched participants (Supplementary Figures 1, 2). While the same patterns were detected, their spatial distribution differed slightly from the results of the analyses which included all the participants. For the confirmatory longitudinal analyses, the left OR showed a significantly higher FD loss between the time-points in POAG patients (Supplementary Figure 3).



Correlation Between FBA Measures and Clinical Tests

No significant correlation was found between the differences in the results of the clinical tests of glaucoma (NFI and VFMD) and the differences in FBA measures of the POAG group between the two time-points (Figure 5).


[image: Figure 5]
FIGURE 5. Scatterplots showing correlations between changes in FBA measures of the OTs and ORs and changes in (A) RNFL thickness (represented by NFI) and (B) visual function (represented by VDMD) over time. Displayed FBA, NFI, and VMFD values are the differences in the measures between the two time-points.





DISCUSSION

Our main finding is longitudinal progression of neurodegenerative WM changes in both the pre- and post-geniculate visual pathways of POAG patients. We find that WM degeneration starts at the pre-geniculate visual pathways, represented by the OTs, then spreads to the post-geniculate visual pathways, represented by the ORs. This signifies that in POAG, anterograde trans-synaptic degeneration is responsible for the spread of degeneration along the visual pathways. Furthermore, we find evidence of continued progression of post-geniculate visual pathway degeneration in the absence of detectable pre-geniculate visual pathway degenerative progression. We discuss these results, as well as their clinical implications, in more detail below.


Evidence of Anterograde Trans-synaptic Degeneration Along the Visual Pathways in POAG

The cross-sectional analysis at TP1 revealed a loss of FD in the left OT in POAG patients, while the analysis at TP2 revealed an additional loss of FD in the right OT and the left OR. The spread of glaucomatous degeneration from OT to OR on the left side and the appearance of degeneration on the right starting at the OT and not the OR is evidence that glaucomatous degeneration in the POAG group starts at the OTs. The spread of glaucomatous degeneration from the pre-geniculate OTs to the post-geniculate ORs implicates anterograde trans-synaptic degeneration as the main mechanism of spread of glaucomatous degeneration along the visual pathways. While the ORs did not show a loss of FDC at either time-point, the spatial expansion of FDC loss over time in the right OT, in the absence of such FDC loss in the right OR, is further proof that glaucomatous degeneration starts at the pre-geniculate pathways. Moreover, the confirmatory analyses of the time-interval-matched subgroups show a similar pattern of spread, albeit on a smaller spatial scale, which can be attributed to the smaller group sizes resulting from the one-to-one matching of controls to patients. Furthermore, the repeated measures analyses of the POAG group showed a loss of FD and FDC in the right OT and both ORs over time, confirming the anterograde trans-synaptic degeneration pattern of spread. The laterality in our findings is most likely statistical in nature, and not a reflection of an underlying pathophysiological mechanism. Lateralized degeneration was reported in a previous meta-analysis of cross-sectional DWI studies of glaucoma (Li et al., 2014), although evidence of greater degeneration was found on the right rather than the left side. If the laterality was a true reflection of glaucomatous brain pathology, the side showing evidence of more advanced degeneration would have been consistent across studies.

The current findings confirm our previously proposed interpretation of the results of a cross-sectional FBA study of the visual pathways in POAG (Haykal et al., 2019). In that study, we found evidence of FD loss in both the OTs and ORs with simultaneous FC loss in the OTs only. As animal studies have shown that axonal loss precedes atrophy of WM in POAG (Ito et al., 2009), we interpreted this to be evidence of anterograde trans-synaptic degeneration. While the pattern of spread in our current study is in line with our previous FBA findings, we did not find a similar loss of FC at either time-point. A possible explanation could be that the POAG patients in the current study have not collectively reached a late enough stage of glaucomatous degeneration to exhibit detectable WM atrophy, and hence significant FC loss. Another possible explanation is that in our previous cross-sectional FBA study, we were able to use a more advanced multi-shell DWI protocol optimized specifically for FBA, while in the current retrospective longitudinal study we had to conform to the same single-shell DWI protocol used to acquire the data several years ago at TP1. Nonetheless, our present observation of progression of FD loss over time in the absence of any FC loss after accounting for age-related WM degeneration between the time-points agrees with the concept of axonal loss preceding gross WM atrophy in glaucoma.

To our knowledge, all previous studies of WM degeneration in POAG have been cross-sectional in nature, making direct comparison to our current work difficult. Some cross-sectional whole-brain studies of POAG have found evidence of degenerative changes outside the visual system (Frezzotti et al., 2014, 2016), suggesting that POAG is a global neurodegenerative disease of the brain and that glaucomatous changes found at the level of the eye are secondary to this global degeneration. These findings imply that retrograde trans-synaptic degeneration is responsible for the spread of glaucomatous degeneration along the visual pathways, which would contradict our current findings. However, we note that to obtain their results, such studies had to rely on lenient statistical methods, which calls into question the reliability of their findings. For example, Frezzotti et al. (2014, 2016) performed tract-based spatial statistics (TBSS) without correction for multiple comparisons. Similar TBSS studies of POAG that applied FWE-correction did not find evidence of WM degeneration outside the visual pathways (Chen et al., 2013; Lu et al., 2013). Furthermore, as mentioned, all current evidence of retrograde trans-synaptic degeneration has been derived from cross-sectional investigations, which are not suitable for studying the progression of degenerative changes over time.



Progression of Post-geniculate Visual Pathway Degeneration in the Absence of Detectable Pre-geniculate Visual Pathway Degeneration

While only the repeated measures analyses show a loss of FD in the right OT and OR, both longitudinal analyses demonstrate FD loss between the time-points in the left OR with no detectable FD loss in the left OT. This cannot be attributed to an overall absence of FD loss in the left OT, as the cross-sectional analyses at TP1 and TP2 show a loss of FD in the left OT in comparison to the controls. Therefore, while the left OT exhibits signs of glaucomatous degeneration, there is no evidence that this degeneration progressed significantly between the time-points. The absence of a detectable degenerative progression in the pre-geniculate OT coupled with the presence of a degenerative progression in the post-geniculate OR suggests that trans-synaptic spread of glaucomatous degeneration is a prolonged process that does not necessarily cease once pre-synaptic degeneration plateaus have been reached.

A similar pattern of continued trans-synaptic degenerative spread following the arrest of degeneration of the source has been previously described in the visual pathways in both antero- and retrograde directions. A longitudinal study of multiple sclerosis patients who suffered their first episodes of optic neuritis found evidence of continued anterograde trans-synaptic degeneration affecting their ORs for up to at least a year following the episodes, an observation the investigators referred to as a “trans-synaptic lag effect” (Tur et al., 2016). Another longitudinal study of patients suffering from homonymous visual field defects due to post-geniculate injury found evidence of continued retrograde trans-synaptic degeneration in the optic nerves for up to 10 years in some of the patients (Mitchell et al., 2015). Therefore, our study supports the notion that prolonged trans-synaptic spread is a common characteristic of trans-synaptic degeneration along the visual pathways. Importantly, this observation has not been documented in POAG before, and can potentially change the way central degeneration in POAG is viewed and clinically managed.



Correlation Between FBA Measures and Clinical Tests of Glaucoma

In the current study, we found no statistically significant correlation between the changes in structural and functional clinical tests of glaucoma and the changes in FBA measures in POAG patients. This lack of correlation could be attributed to our relatively moderate sample sizes, in addition to some missing data points at TP1 (Table 1; Supplementary Table 1). Additionally, the RNFL thickness was assessed using laser polarimetry, which was found to be less sensitive to retinal changes over time in comparison to other methods such as optical coherence tomography (Nomoto et al., 2014). Furthermore, DWI data was acquired using a single-shell scanning protocol which was not optimized for FBA. Most likely, the lack of correlation found in the current study is the combined outcome of all the suggested causes.



Clinical Implications

Characterizing the pattern of spread of glaucomatous degeneration along the visual pathways contributes to our understanding of the underlying pathophysiology of POAG. This knowledge could have great significance to POAG diagnostics and therapeutics.

Our current findings could play a role in the development of novel glaucoma therapies. For example, novel neuroprotective therapies aiming to stop the progression of glaucoma would benefit from being able to assess glaucomatous spread along the visual pathways, which can only be determined once the pattern of this spread has been identified. Other novel therapies such as RGC transplantation could also benefit from this knowledge, as transplanting RGCs to the pre-geniculate pathway would be ineffective if glaucomatous degeneration was found to start at the post-geniculate pathway.

Identifying the previously mentioned “trans-synaptic lag effect” in POAG could also prove to be beneficial to glaucoma treatment in the future. By further studying this effect and identifying its time frame more precisely, viable post-geniculate neurons corresponding to degenerated pre-geniculate neurons could be salvaged before they succumb to trans-synaptic degeneration A similar argument related to retrograde trans-synaptic degeneration following injury to the post-geniculate pathways has been presented by de Vries-Knoppert and colleagues (de Vries-Knoppert et al., 2019). Such preventative measures could become critical in the context of the development of RGC transplantation efforts.



Limitations and Future Directions

Our current study has several limitations. The relatively small pool of potential participants for this follow-up study, in addition to being restricted by the number of participants who agreed to return and who were also eligible for recruitment, limited our present sample sizes. Nevertheless, our sample sizes are still in line with a number of previous cross-sectional studies of WM degeneration in POAG (Frezzotti et al., 2014; Kaushik et al., 2014; Zhou et al., 2017; Haykal et al., 2019). Another limitation is the different time intervals experienced by the participants of the two previous studies, and an overall time interval difference between the included POAG patients and the controls. To address this issue, we performed a time-interval-matched analysis, the results of which confirmed our main findings. Future studies investigating glaucomatous spread could consider increasing the number of follow-up time-points, in order to increase the precision with which the time frames of degeneration and the trans-synaptic lag effect can be studied. Such future prospectively planned longitudinal studies could further benefit from more consistent time intervals, the inclusion of early stage POAG patients, larger sample sizes and utilizing a DWI acquisition protocol optimized for higher-order diffusion models. Moreover, including participants who are still in a “glaucoma suspect” stage would be ideal. However, to retain meaningful numbers of participants that have progressed into more advanced stages of glaucoma would require huge numbers of initial inclusions, which would render such a study prohibitively expensive.




CONCLUSIONS

We find that the degenerative changes present throughout the visual pathways of POAG patients are most likely the result of anterograde trans-synaptic spread of glaucomatous degeneration originating at the pre-geniculate pathways. Furthermore, trans-synaptic spread of glaucomatous degeneration is a prolonged process which continues in the absence of detectable pre-geniculate visual pathway degeneration. This suggests the presence of a time window for salvaging intact post-geniculate pathways, which could prove to be a viable therapeutic target in the future.
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Reduced Functional Connectivity in Children With Congenital Cataracts Using Resting-State Electroencephalography Measurement
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Objectives: Numerous task-based functional magnetic resonance imaging studies indicate the presence of compensatory functional improvement in patients with congenital cataracts. However, there is neuroimaging evidence that shows decreased sensory perception or cognition information processing related to visual dysfunction, which favors a general loss hypothesis. This study explored the functional connectivity between visual and other networks in children with congenital cataracts using resting state electroencephalography.

Methods: Twenty-one children with congenital cataracts (age: 8.02 ± 2.03 years) and thirty-five sex- and age-matched normal sighted controls were enrolled to investigate functional connectivity between the visual cortex and the default mode network, the salience network, and the cerebellum network during resting state electroencephalography (eyes closed) recordings.

Result: The congenital cataract group was less active, than the control group, in the occipital, temporal, frontal and limbic lobes in the theta, alpha, beta1 and beta2 frequency bands. Additionally, there was reduced alpha-band connectivity between the visual and somatosensory cortices and between regions of the frontal and parietal cortices associated with cognitive and attentive control.

Conclusion: The results indicate abnormalities in sensory, cognition, motion and execution functional connectivity across the developing brains of children with congenital cataracts when compared with normal controls. Reduced frontal alpha activity and alpha-band connectivity between the visual cortex and salience network might reflect attenuated inhibitory information flow, leading to higher attentional states, which could contribute to adaptation of environmental change in this group of patients.

Keywords: congenital cataracts, EEG, alpha-band, functional connectivity, attentive control


INTRODUCTION

Congenital cataracts are one of the most common causes of vision decline or blindness in children. Cloudy crystalline lenses interfere with light passage to the retina after birth leading to diverse etiologies (Lloyd et al., 1992). Previous neuroimaging studies have shown that visual deprivation can induce compensatory plasticity of the cortex. For example, task-based fMRI studies have shown that the occipital cortex of congenitally blind patients may process tactile (Dambrosia et al., 1997; Burton et al., 2006; Renier et al., 2010) and auditory information (Poirier et al., 2006; Chan et al., 2012; Föcker et al., 2012; Cappagli et al., 2017), and be involved in many high-level cognitive functions (Amedi et al., 2003; Raz et al., 2005; Burton and McLaren, 2006; Bedny et al., 2011, 2012, 2015). The processing of non-visual information by the occipital cortex, known as cross-modal reorganization, has been shown in studies using simultaneous audio-visual stimuli (Stein et al., 2010; Stein and Rowland, 2011). Neuroplasticity within occipital areas has been demonstrated to enhance auditory abilities in individuals with congenital blindness (Guerreiro et al., 2016). To explore intrinsic brain activity associated with memory in early blindness, a resting state fMRI study by Burton et al. (2014) showed increased functional connectivity between the visual cortex and prefrontal and parietal regions, i.e., the visual cortex exhibited a greater connection with the dorsolateral frontal cortex, the posterior intraparietal sulcal and the left fusiform gyrus in individuals with early blindness. These results support the view that after early visual deprivation the visual cortex may perform cognitive functions via enhanced functional connectivity with fronto-parietal control networks, which are dominant in memory and attention control.

In contrast, there is neuroimaging evidence showing reduced brain connectivity related to visual dysfunction. For example, an MRI study examined patients with bilateral cataracts and showed reduced brain function and structural connectivity in visual and cognitive-related brain areas, with significant improvements in functional and structural connectivity following cataract surgery (Lin et al., 2018). In addition, Liu et al. (2007) identified decreased functional connectivity within the occipital cortices and between the occipital cortices and the parietal somatosensory, frontal motor and temporal multisensory cortices in individuals with early blindness. Moreover, it was observed that children with amblyopia, one of the common results of congenital cataracts, had reduced functional connectivity between the default mode network, the salience network, and the primary visual cortex network (Dai et al., 2019). Reduced functional connectivity between the occipital and the posterior parietal cortices, the premotor cortex, the frontal insula and the dorsal prefrontal cortices has also been reported in children with amblyopia (Wang T. et al., 2014). A previous study demonstrated that cataract patients may have an accelerated age-related decline in brain function (Rogers and Langa, 2010). This evidence favors a general loss hypothesis that refers to maladaptive plasticity due to early visual loss, such as a decreased ability in processing sensory perception or spatial information (Zwiers et al., 2001; Amedi et al., 2005; Pascual-Leone et al., 2005). It is hypothesized that early visual loss probably prevents the development of the occipital cortex and the establishment of functional connectivity between visual regions and other brain regions (Liu et al., 2007). However, the general loss hypothesis has not been studied widely using task-based fMRI, because visual tasks cannot be performed on patients with congenital cataracts in most cases.

Without the requirement to view a stimulus or give a response, resting state electroencephalography (rsEEG) could be an effective tool to investigate spontaneous neuronal activity and connectivity across the brain at a given frequency. In previous studies, synchronization and coherence of source signals using rsEEG have been conducted to identify functional connectivity between different brain regions (van Diessen et al., 2015). Several studies (Damoiseaux et al., 2006; De Luca et al., 2006) found reproducible patterns with potential functional relevance by applying probabilistic independent component analysis. These results suggest that the brain is organized into multiple brain networks, and thus studies on network connectivity have shed light on the large-scale functional organization of abnormal brains (Buckner and Vincent, 2007; Fox and Raichle, 2007). The study of network connections using rsEEG data may provide insight into brain plasticity associated with congenital cataracts.

It is accepted that visual deprivation before and after sensitive periods may lead to different functional connectivity patterns within the occipital cortex (Buchel et al., 1998; Collignon et al., 2013). A task-based study by Collignon et al. showed that there were stronger connections between the primary visual cortex and the primary auditory cortex in response to auditory stimulation in congenitally blind individuals, whereas the primary visual cortex was closely related to parietal regions in late-onset blind individuals (Collignon et al., 2013). Thus, the underlying neural effects of congenital cataracts might be more comprehensive than reported previously as there may be additional neural functional connectivity across the brain.

In this study, the primary aim was to explore functional connectivity between the visual and other networks in children with congenital cataracts by using rsEEG. Regions of interest were identified from a recent study on amblyopia (Dai et al., 2019). Significant results could provide an important tool for identifying abnormalities in sensory, cognition, motion and execution functional connectivity across the brains in these children.



MATERIALS AND METHODS


Participants

In consideration of the primary aim of the study and the sensitive visual deprivation period, twenty-one right-handed children with congenital cataracts (age: 8.02 ± 2.03 years, male: female = 14:7) and thirty-five age- and sex-matched (age: 9.09 ± 1.49 years, male: female = 5:2) right-handed normal sighted children were recruited by an ophthalmologist from the congenital cataracts department at Zhongshan Ophthalmic Center. All patients received a series of ocular examinations including visual acuity, intraocular pressure, refraction, ocular motility and slit lamp tests. The control subjects had normal or adjusted to normal visual acuity in both eyes, and had no history of ocular diseases, neurological disorders or brain abnormalities. Written informed consent was obtained from all children enrolled in the study or their legal guardians in accordance with the Declaration of Helsinki and the study was approved by the Ethics Committee of Zhongshan Ophthalmic Center, Sun Yat-sen University.



EEG Data Collection

A high-density EEG with 128 channels (EGI, Eugene) and a NetAmps 200 amplifier was used to collect the rsEEG data of all participants for approximately 7 min. All subjects sat in an acoustic and electrically shielded and dark room and were instructed to close their eyes. They were also instructed to stay awake and move their head as little as possible. The CZ electrode formed the reference. The sampling rate was 1,000 Hz and electrode impedance kept below 20 kΩ.



Preprocessing of EEG Data

EEGLAB for v13.0.0 toolbox in MATLAB for R2013a was used to preprocess the raw EEG data. The data were re-referenced against the mean reference for all electrodes at first. Then, the sampling rate was set to 0.5 kHz. A Sag filter was used to eliminate 50-Hz frequency interference and then a 0.1-Hz high-pass filter and a 100-Hz low-pass filter were applied. The reference electrodes were the bilateral mastoids. Gross artifacts were visually detected and manually removed. Then, artifacts originating from a limited volume of space or a few distinct sources were removed. Independent component analysis (ICA) was applied to remove eye movement, heartbeats and muscle artifacts (Delorme and Makeig, 2004). In addition, other artifacts such as exponential decay were also detected using ICA and subsequently removed. Then, traces were segmented in 2s epochs, and spectra of each epoch were calculated by fast Fourier transform (FFT), with a frequency resolution of 0.5 Hz, tapered by a Hanning window. Finally, the average Fourier cross-spectral matrices were calculated, including delta (2–3.5 Hz), theta (4–7.5 Hz), alpha1 (8–10 Hz), alpha2 (10–12 Hz), beta1 (13–18 Hz), beta2 (18.5–21 Hz), beta3 (21.5–30 Hz), gamma 1 (30.5–44 Hz) and gamma 2 (55–100 Hz).



Data Analysis


Source Localization

Standardized low-resolution brain electromagnetic tomography (sLORETA) was used to explore the abnormal activity of brain areas in children with congenital cataracts. sLORETA was used to calculate neuronal activity as the current density (A/m2). LORETA-Key software was used to investigate the solution space and the lead field matrix. Applying the boundary element on the MMI-152, the software re-assessed realistic electrode coordinates (Jurcak et al., 2007) and the lead field (Fuchs et al., 2002). The sLORETA-Key anatomical template divided the MNI-152 volume into 6239 voxels according to probabilities returned by the Demon Atlas (Lancaster et al., 2015). The correct translation was used by co-registration from the MNI-152 space into the Talairach and Tournoux spaces.



Functional Connectivity

The amount of cross-talk between brain regions contributing to the activity of the source regions was used to interpret the lagged phase coherence between two brain areas. Since the two brain areas oscillate coherently with a phase lag, cross-talk can be interpreted as information sharing transmitted through axons. Using the discrete Fourier transform, the data were decomposed into a limited number of cosine and sine waves at Fourier frequencies. Pascual-Marqui showed that based on asymptotic results, the threshold is significant for a given lagged phase coherence value. sLORETA was applied to extract the time-varying current density for regions of interest (ROIs). Power in all voxels was normalized to a power of 1 and log transformed at each time point. Therefore, ROI values reflect the log transformed fraction of total power of all voxels for specific frequencies. The ROI was confirmed according to a previous study (Dai et al., 2019), as shown in Table 1.


TABLE 1. The regions of interest in each network.

[image: Table 1]


Statistical Analysis

Non-parametric statistical analysis of the LORETA-KEY images (statistical non-parametric mapping, SnPM) was carried out to compare the differences in resting-state EEG activity between the children with congenital cataracts and normal sighted controls, using LORETA-KEY’s built-in voxel-wise randomization tests (5000 permutations). A t statistic test was used for independent groups with a threshold of p < 0.01 (corrected for multiple comparisons).

In SnPM, the correction for multiple comparisons using random permutation has been shown to yield results similar to those obtained from a statistical parametric mapping approach using a general linear model with multiple comparisons corrections. The t-statistic for independent groups was used to compare lagged connectivity differences between the two groups and p values less than 0.05 (two-sided) were considered statistically significant. LORETA-KEY’s built-in voxel-wise randomization tests were implied to correct for multiple comparisons, for all voxels included in the ROI for connectivity analysis (5000 permutations).



RESULTS


Characteristics of Patients With Congenital Cataracts and Healthy Controls

Twenty-one children with congenital cataracts and thirty-five healthy controls were recruited for this study. No significant differences were found between the congenital cataracts group and the control group in terms of age (F = 1.365, p = 0.178) or sex (x2 = 0.141, p = 0.708). Table 2 shows congenital cataract eyes, best-corrected visual acuity, age of onset and light perception of patients with congenital cataracts.


TABLE 2. Demographic information of congenital cataracts subjects.
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Brain Activity in Individuals With Congenital Cataracts in Contrast to Healthy Controls

Figure 1 shows that congenital cataract patients had a significant reduction in alpha frequency compared with healthy subjects with fast Fourier transformation (a). Additionally, there was decreased alpha activity distributed in the occipital cortex and the right temporal cortex (b). In the sLORETA analysis, shown in Figure 2, the inferior frontal gyrus (BA 47), the middle frontal gyrus (BA 11) and the extranuclear region (BA 13) showed significantly reduced activation in the theta band (t = −4.75, p < 0.01). Moreover, there was decreasing alpha activity in the superior frontal gyrus (BA 6), the middle frontal gyrus (BA 6) and the cingulate gyrus (BA 32) (t = –4.75, p < 0.01). Decreasing beta1 activity was distributed in the inferior frontal gyrus (BA 47), the rectal gyrus (BA 11), the orbital gyrus (BA 47), the superior temporal gyrus (BA 38), the extranuclear gyrus (BA 13), and the uncus gyrus (BA 34) (t = –3.85, p < 0.01). Decreasing beta2 activity was exhibited in the lingual gyrus (BA 17, 18) and the superior frontal gyrus (BA 6) (t = –3.875, p < 0.05).


[image: image]

FIGURE 1. (A) Congenital cataract patients had a significant reduction in alpha frequency compared with healthy controls using fast Fourier transformation. (B) Significant group differences in the alpha frequency in the occipital and right temporal cortices (p < 0.05).



[image: image]

FIGURE 2. Regions with significant group differences for each frequency in sLORETA analysis (p < 0.05). Blue regions imply that the activity of the congenital cataract group was significantly lower than that of healthy controls.




Comparison of FC Between ROIs in Individuals With Congenital Cataracts and Healthy Controls

Fifteen regions of interest (ROIs) were estimated by the ICA, involving five rest state networks (Table 1). The salience network (SN) includes the bilateral frontoinsular cortex and the anterior cingulate cortex (rFIC/lFIC/ACC). The cerebellum network (CEN) is composed of the bilateral dorsolateral prefrontal cortex and the posterior parietal cortex (rDPC/lDPC/rPPC/lPPC). The default mode network (DMN) consists of the ventromedial prefrontal cortex and the posterior cingulate cortex (VPC/PCC). Both bilateral calcarine cortices (rCAL/lCAL) are key nodes of the primary visual cortex network (PVCN), while the right lingual gyrus and the bilateral fusiform gyrus (rLING/rFFG/lFFG) form the higher visual cortex network (HVCN) Dai et al. (2019).

Figure 3A shows that when compared with healthy controls, the congenital cataracts group showed a weak lagged coherence between the following ROIs: left frontoinsular cortex-right fusiform gyrus (SN-HVCN), anterior cingulate cortex-the bilateral calcarine cortex (SN-PVCN), right dorsolateral prefrontal cortex-right calcarine cortex (CEN-PVCN), left posterior parietal cortex-right fusiform gyrus (CEN-HVCN), posterior cingulate cortex-left frontoinsular cortex, left calcarine cortex (DMN-PVCN,SN), left calcarine cortex-anterior cingulate cortex, posterior cingulate cortex (SN,DMN-PVCN), right fusiform gyrus-left frontoinsular cortex, and left posterior parietal cortex (SN,CEN-HVCN).
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FIGURE 3. Comparison of FC between ROIs in children with congenital cataracts when compared with healthy controls (p < 0.05). (A) Compared with healthy controls, the congenital cataracts group showed a weak lagged coherence for alpha frequency between ROIs. (B) Significantly decreased lagged phase synchronization in congenital cataract patients in contrast to healthy controls.


In addition, as shown in Figure 3B, using lagged phase synchronization analysis there were significantly decreased functional connections in the congenital cataract patients between the following ROIs: anterior cingulate cortex-right calcarine cortex (SN-PVCN), posterior cingulate cortex-left posterior parietal cortex, ventromedial prefrontal cortex (DMN-CEN,DMN), left posterior parietal cortex-right dorsolateral prefrontal cortex, right posterior parietal cortex, posterior cingulate cortex, right lingual gyrus, right fusiform gyrus (CEN-CEN,DMN,HVCN), and left calcarine cortex-left posterior parietal cortex (CEN-PVCN). Relevant numerical data of values and stats on reported changes are included in the Supplementary Table.



DISCUSSION

The study innovatively investigated brain alterations in children between 6 and 14 years of age with congenital cataracts. In this study, rsEEG was recorded while subjects were asked to close their eyes and rest. Brain function was compared in congenital cataract and normal-sighted children in a multiple-level analysis. EEG measures of functional and directed coherence are supposed to be sensitive to different brain maturations (Michels et al., 2013). Thus, we speculated that early blindness-induced brain reorganization is possibly different from that in adults.

The results showed that the congenital cataract group had (1) decreased brain activity mainly in the occipital, temporal, frontal and limbic lobes and (2) reduced alpha-band connectivity between the visual and somatosensory cortices and between regions of the frontal and parietal cortices associated with cognitive and attentive control. These findings could support the general loss hypothesis, in that an absence of early visual input is likely to prevent the development of the occipital cortex and the establishment of functional connectivity between visual regions and other brain regions via synaptic revision (Liu et al., 2007).

It is noteworthy that children with congenital cataracts had a significant reduction in the alpha frequency, mostly in the occipital cortex and the right temporal cortex when compared with healthy subjects. This is in accordance with a task-based EEG study that showed reduced posterior alpha oscillations in subjects with a history of total vision loss after birth, although they had their sight restored after 4 months (Bottari et al., 2016). This proved that a lack of visual input during a sensitive phase in development may impair the generation of alpha oscillations. Considering that posterior alpha activity does not seem to emerge before late childhood (Anderson and Perone, 2018) and most likely results from pyramidal cells depending on GABA-mediated inhibition (Buffalo et al., 2011; Jensen et al., 2012), functional brain development might be experience-dependent and thus can be affected by an absence of early visual input.

sLORETA analysis revealed that in comparison to healthy controls, children with congenital cataracts showed decreased brain activity mainly in the frontal, occipital and limbic lobes. These regions are crucial in the visual pathway. The frontal lobe plays a critical role in visual information perception, memory, and regulation (Majaj et al., 2007). The occipital cortex mainly performs the functions of visual and motion perception. Damage to the occipital cortex may cause partial or complete blindness (Grill-Spector et al., 1998). The temporal cortex is involved in visual perception, facial recognition, memory association and formation (Shrager et al., 2006), and the limbic lobe is typically engaged in emotional and cognitive processing and associational integration (Vogt, 2005). Lower activity in these regions may indicate visual dysfunction in these patients. This is in accordance with other studies of abnormal visual decline, which showed lower local activity in the bilateral frontal, temporal, and occipital lobes (Dai et al., 2019).

ROI-FC was used to analyze whether congenital cataracts altered brain functional networks. The results showed decreased lagged coherence in the alpha frequency band between the PVCN and the SN, the DMN, and the CEN. The altered functional connection with the HVCN was similar to that with the PVC. In addition, decreased lagged phase synchronization was seen within the CEN and between the CEN and the DMN, the HVCN, and the PVCN. Thus, congenital cataracts might alter the alpha-band connections of the PVCN, the HVCN, the SN, the DMN and the CEN.

Remarkably, both interconnection in the CEN and connectivity between the left posterior parietal cortex of the CEN and the visual cortex were reduced for the alpha frequency band. The posterior parietal cortex, also known as the somatosensory association cortex, traditionally executes visual perception and spatial orientation functions. There is also accumulating evidence indicating its extensive involvement in cognitive functions (Akrami et al., 2018; Freedman and Ibos, 2018; Sestieri et al., 2017). The posterior parietal cortex between the visual cortex and the somatosensory cortex is strongly connected with the frontal lobe which is involved in complex cognitive functions including motor planning and working memory (Rowe et al., 2001; Levine et al., 2011). Therefore, decreased connection with the posterior parietal cortex implies visual deprivation induced spatial orientation dysfunction and impaired working execution such as motor planning. This is consistent with studies on congenital blindness (Liu et al., 2007; Yu et al., 2008; Burton et al., 2014; Wang D. et al., 2014), which confirmed a decreased FC between the visual cortex and the sensorimotor network.

Furthermore, visual cortex networks showed weak alpha-band connectivity with the posterior cingulate cortex of the DMN, the left frontoinsular cortex of the SN and the right dorsolateral prefrontal cortex of the CEN. Similarly, the alpha activity levels in both the cingulate gyrus and the frontal cortex were seen to decrease in this study. The posterior cingulate cortex, a key node of the DMN, is involved in attention and cognition associated integration (Leech and Sharp, 2014). The frontoinsular cortex is considered an information integration hub of the SN (Barnes et al., 2001; Li et al., 2011). The ventral stream passes through the visual cortex to the frontoinsular cortex and along the dorsal visual stream, with visual information transmitted from occipital to parietal and frontal regions. Additionally, the dorsolateral prefrontal cortex is mainly associated with recognition memory and attention control (McDermott et al., 2000; Gold and Buckner, 2002).

A top-down mechanism of alpha oscillations has been suggested to modulate brain attentional states, which has an important role in cognitive functions by enabling communication in neonates (Saalmann et al., 2012; Lopes Da Silva, 2013). It has been claimed that the dynamic cortico-thalamo-cortical circuit, which consists of connected areas involving GABAergic cells could account for the generation of alpha oscillations (Lopes Da Silva, 2013). Thus, information processing within a local neuronal region is activated with disinhibition by decreased alpha power. Decreased alpha activity has also been linked to the presence of attention. This is exemplified by a task-based study that showed lower alpha activity in response to an increased state of alertness (Del Zotto et al., 2013), generally referred to as event-related desynchronization. Alpha phase synchronization and long-distance phase coherence have also been consistently linked to attentive and cognitive control as a top-down modulation (Fries, 2005; Klimesch et al., 2006; Thangavel et al., 2011; Tipura et al., 2017). Thus, via suppression of irrelevant information, this top-down modulated mechanism could increase the signal-to-noise ratio in attentive and cognitive processing (Jensen and Mazaheri, 2010; Klimesch, 2012). In blind individuals, research has shown reduced alpha power in parieto-occipital electrodes in both sensory and cognitive tasks (Kriegseis et al., 2006).

It is speculated that the observed lower alpha activity in the frontal cortex might indicate that early visual deprivation induced a decrease in the number of inhibitory neurons for efficient attentive and cognitive processing. There is some evidence that brain activity measured by rsEEG is linked to brain networks. For example, Bonnard et al. (2016) found that alpha activity in the occipital region is associated with DMN activity. Consequently, reduced alpha-band connectivity between frontal and occipital areas might reflect an attenuated inhibitory information flow, leading to higher attentional states than in the sighted controls, which contributes substantially to the adaptation to environmental change in congenital cataracts. This is also in line with an fMRI study indicating impaired top-down modulation after visual deprivation in critical development periods (Wen et al., 2018). Another fMRI study showed decreased functional connectivity between the occipital and frontal lobes in congenital cataracts (Liu et al., 2007). This is likely to indicate reduced attention control in visual perception and memory due to visual deprivation in children with congenital cataracts.

There are some limitations in this study. This is a cross-sectional study with a limited sample size. Longitudinal studies are needed to further explore brain alterations in children with congenital cataracts. In addition, congenital cataract patients were heterogeneous in terms of differences in laterality. It was difficult to eliminate the effects of laterality completely with a limited sample size. Therefore, we should explain the results with caution. Furthermore, it would be interesting to explore the influence of various factors on central neural alterations in patients with congenital cataracts by categorizing them on the basis of different characteristics (e.g., cognitive performance, laterality of cataracts).



CONCLUSION

This study has shown decreased activity and connectivity in the occipital, temporal, frontal and limbic lobes in children with congenital cataracts, which may support the general loss hypothesis. The reduced alpha-band connectivity between the visual cortex and regions of the frontal and parietal cortices associated with cognitive and attentive control might reflect an attenuated inhibitory information flow, leading to higher attentional states. This study contributes significantly to the adaptation to environmental change seen in children with congenital cataracts.
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The measurement of retinal sensitivity at different visual field locations–perimetry–is a fundamental procedure in ophthalmology. The most common technique for this scope, the Standard Automated Perimetry, suffers from several issues that make it less suitable to test specific clinical populations: it can be tedious, it requires motor manual feedback, and requires from the patient high levels of compliance. Previous studies attempted to create user-friendlier alternatives to Standard Automated Perimetry by employing eye movements reaction times as a substitute for manual responses while keeping the fixed-grid stimuli presentation typical of Standard Automated Perimetry. This approach, however, does not take advantage of the high spatial and temporal resolution enabled by the use of eye-tracking. In this study, we introduce a novel eye-tracking method to perform high-resolution perimetry. This method is based on the continuous gaze-tracking of a stimulus moving along a pseudo-random walk interleaved with saccadic jumps. We then propose two computational methods to obtain visual field maps from the continuous gaze-tracking data: the first is based on the spatio-temporal integration of ocular positional deviations using the threshold free cluster enhancement (TFCE) algorithm; the second is based on using simulated visual field defects to train a deep recurrent neural network (RNN). These two methods have complementary qualities: the TFCE is neurophysiologically plausible and its output significantly correlates with Standard Automated Perimetry performed with the Humphrey Field Analyzer, while the RNN accuracy significantly outperformed the TFCE in reconstructing the simulated scotomas but did not translate as well to the clinical data from glaucoma patients. While both of these methods require further optimization, they show the potential for a more patient-friendly alternative to Standard Automated Perimetry.

Keywords: eyetracking algorithms, perimetry, continuous psychophysics, recurrent neural networks, threshold free cluster enhancement, computational method, eyetracking, glaucoma


Summary

Perimetry, the mapping of the sensitivity of different visual field locations, is an essential procedure in ophthalmology. Unfortunately, Standard Automated Perimetry suffers from some practical issues: it can be tedious, requires manual feedback, and a high level of patient compliance. These factors limit the effectiveness of perimetry in some clinical populations. In an attempt to remove some of these limitations, alternatives to Standard Automated Perimetry have been tried based on tracking eye movements. These new approaches have attempted to mimic Standard Automated Perimetry, thus presenting stimuli on a fixed grid, and replacing manual with ocular responses. While this solves some issues of Standard Automated Perimetry, these approaches hardly exploit the high spatial and temporal resolution facilitated by eye-tracking. In this study, we present two novel computational methods that do tap into this potential: (1) an analytic method based on the spatio-temporal integration of positional deviations utilizing Threshold Free Cluster Enhancement and (2) a method based on training a recurrent deep artificial neural network. Our methods, based on continuous gaze tracking, provide a patient-friendly alternative to Standard Automated Perimetry and deepen our understanding of the relationship between oculomotor control and retinal sensitivity.



INTRODUCTION

The assessment of the quality of the visual field (also called perimetry) is a staple of ophthalmologic evaluation. The presence of a scotoma, a region of the visual field with reduced sensitivity, is a very characteristic symptom of diseases and disorders such as macular degeneration (Tolentino et al., 1994), glaucoma (Heijl and Bengtsson, 1996), hemianopia (Williams, 1997) and several forms of retinopathy (Greite et al., 1981; Alexander et al., 2004; Voipio and Karjalainen, 2009).

The current gold standard in the diagnostic assessment of the visual field is standard automated perimetry (SAP) (Barton and Benatar, 2003). The main advantages of SAP are a thorough evaluation of multiple visual field locations, relatively easy-to-interpret results that are normalized with respect to an age-matched population, and its extensive validation in countless clinical trials and other studies. However, the approach also has several limitations: the task is complicated for people with limited cognitive capabilities, demands patient compliance (Szatmáry, 2002), and requires maintaining a stable fixation for prolonged periods of time. Furthermore, patient performance is affected by learning (Schultz, 1990; Wild et al., 2006) and fatigue (Johnson et al., 1988), as well as the expertise of the operator (Montolio et al., 2012). Together, these constraints limit the effectiveness of SAP, particularly in clinical and rehabilitation contexts such as when dealing with children (Walters et al., 2012), the elderly, and/or cognitively impaired patients (Diniz-Filho et al., 2017; Gangeddula et al., 2017).

To overcome some of these issues, various groups have implemented variants of SAP in which eye-tracking substituted the manual responses required on each trial of SAP. The most common of these approaches consists of using the saccadic reaction time to stimuli changing position as a proxy for visual sensitivity (Kim et al., 1995; Murray et al., 2009; Pel et al., 2013; Jones et al., 2019; Martínez-González et al., 2020). While this already simplifies the task, the resulting procedure still retains the trial- and grid-based approach of SAP. Therefore, the full potential of the high spatial and temporal resolution facilitated by eye tracking is not exploited.

Other approaches rely on measuring the pupillary reflex: in this method, visual sensitivity is measured as a function of the change in pupil diameter in response to flickering stimuli presented at different visual field locations (Kardon, 1992; Maddess et al., 2009; Chibel et al., 2016). This method–although more objective than SAP–is still prone to issues related to patient compliance and/or their ability to stably maintain fixation.

For these reasons, we recently proposed a novel eye-movement-based approach, inspired by the Eye Movement Cross-correlogram method and its application to measure visuospatial sensitivity (Mulligan et al., 2013; Bonnen et al., 2015). Our new method completely removes the trial-based aspect and fixation requirements of SAP in favor of a continuous assessment of oculomotor behavior over time (Grillini et al., 2018).

In our approach, the participant continuously tracks with their gaze a stimulus moving along a pseudo-random walk trajectory. The simplicity and intuitiveness of this task make it significantly more practical than other types of perimetry, irrespective of whether they require a manual or eye-movement response from the patients (Demaria et al., 2020). Furthermore, our approach provides a thorough quantification of both the spatio-temporal and statistical properties of both smooth pursuit and saccadic eye movements (Grillini et al., 2020), thus having potential applications in neurology and neuro-ophthalmology as well.

In one of our previous studies (Grillini et al., 2018), we showed that it is possible to classify a visual field defect (VFD), exclusively on the basis of the spatio-temporal properties of the eye-movements made during a short continuous tracking task. A limitation of our initial approach was that it could only classify a scotoma as belonging to one of the scotoma shape classes on which the machine classifier had been trained, and thus not reconstruct its actual location and shape. The absence of this type of information hinders a more general application of this technique in clinical and rehabilitation practice.

To overcome this limitation, here we propose two methods of analyzing continuous gaze data acquired during a tracking task that enables reconstructing the visual field including any VFD present.

Our first method is based on the intuition that, compared to a healthy participant, a patient with a VFD will make larger and more prolonged tracking errors (expressed as the distance between the positions of the eyes and the target) if the stimulus falls within their scotomatous region. In essence, the method applies threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009) to perform a spatio-temporal integration of a time series of eye-stimulus positional deviations (the signal). This results in a weighted integration of the height and extent of the signal, which in our case represent space (i.e., the positional deviation) and time (i.e., the duration of the deviation until it is corrected), respectively. Next, we reconstruct the visual field and presence of any scotoma, by back-projecting the TFCE values into visual field space. We will refer to it as the TFCE method.

The second method is based on training a recurrent deep artificial neural network. It constitutes a data-driven approach that learns features from the time-series of gaze location data collected during the tracking task. This method makes no explicit hypotheses about the underlying relationship between eye movements and scotoma characteristics and learns how the presence of a scotoma influences a participant’s visual behavior during the tracking task. The algorithm is a seven-layer recurrent neural network (RNN) whose weights are optimized to minimize its time-point-wise predictions on a set of labeled training data (obtained on the basis of gaze-contingent simulations of scotomas in known locations). Once trained, the model can accurately predict whether the distance between the eye and stimulus positions, at a given time point, is caused by the presence of a scotoma. We reconstruct the visual field and presence of any scotoma by back-projecting the RNN predictions into visual field space. We will refer to it as the RNN method.

Based on a set of simulated gaze-contingent scotoma data (Grillini et al., 2018), we show that both methods can reconstruct the shape of the VFDs. While further improvements are desirable, the methods we present here constitute a crucial stepping-stone toward the realization of truly easy and effective eye-movement-based perimetry. Our technique, which we consider to have many advantages, can complement SAP in both clinical and rehabilitation practices. Moreover, since our approach incorporates both perimetry and oculomotor evaluation in a single test, it will be of potential relevance to ophthalmologists and neurologists alike.



MATERIALS AND METHODS

The whole experimental procedure is illustrated schematically in Figure 1.


[image: image]

FIGURE 1. Flowchart of the experimental design.



Participants

We tested 50 healthy adult participants, three patients diagnosed with Primary Open Angle Glaucoma (POAG) with a visual field loss previously measured with a Humphrey Field Analyzer (Zeiss) and two additional healthy controls, age-matched with the patients. All had normal or corrected-to-normal visual acuity, verified before data collection with “FrACT” (Bach, 2007). The study followed the tenets of the Declaration of Helsinki. The Medical Ethical Committee of the University Medical Center Groningen and the Ethics Committee of Psychology of the University of Groningen approved this study. All participants provided written informed consent before participation.



Apparatus

The experiment was designed and conducted with custom-made scripts in MATLAB using Psychtoolbox (Brainard, 1997) and Eyelink Toolbox (Cornelissen et al., 2002). The data were acquired with an Eyelink 1,000 eye-tracker (SR-Research, Kanata, ON, Canada) with a sampling frequency of 1 kHz, downsampled to 240 Hz to match the refresh rate of the stimulus display monitor Zowie xl2540 (BenQ, Taipei, Taiwan). Before each experimental session, the eye-tracker was calibrated using the built-in nine-point calibration procedures. The calibration was repeated until the average error was below 1.5°. Additional details regarding the accuracy, precision, and data loss rate of the eye-tracking measurements are presented in Supplementary Figures 1, 2.



Data Acquisition


Stimuli and Conditions

The stimulus comprised a white dot with a diameter of 0.5° of visual angle, displayed at one of two possible contrast levels (5 and 50% from the gray background), moving along a random walk path with or without random displacements to induce saccades (the smooth pursuit and saccadic pursuit conditions, respectively). Additional detail regarding the random walk paths is available in Supplementary Materials. The point of gaze of the participants was recorded while they tracked the stimulus with their eyes. During the experiment, the 50 healthy participants of the training set were additionally subjected to different kinds of simulated gaze-contingent VFD s [no loss, central loss, peripheral loss, and hemifield loss (see Figure 2)]. Each trial, lasting 20 s, was repeated six times for each condition (2 contrast levels × 2 pursuit modalities) for a total of 24 trials and a total test time of 480 s. For the visual field reconstruction analysis, all trials are pooled together.
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FIGURE 2. Schematic representation of the simulated visual field defects (VFD) used in this study. From left to right: central loss (scotoma size: 10°), peripheral loss (scotoma size: whole screen except for a 10° hole), hemifield loss (right half of the screen). During the experiment, the VFD was applied in a gaze-contingent manner: the center of the VFD is matched in real-time with the point of gaze of the participant, with a latency below 4 ms. This latency roughly corresponds to the inter-frame interval and ensures proper gaze-contingency.




Gaze-Contingent Simulated Visual Field Loss

The simulations were obtained by superimposing in real-time (240 Hz, 4 ms delay) a uniform gray area to the current position of the participant’s gaze. The shape and size of the simulated VFD were modeled after the typical scotoma resulting from three common ophthalmologic disorders: age-related macular degeneration (central loss), late-stage glaucoma (peripheral loss), and hemianopia (hemifield loss) (Figure 2). A schematic representation of the three types of simulated VFD used in this study is shown in Figure 2.




Modeling


Method #1: Spatio-Temporal Integration of Positional Deviations by Means of Threshold Free Cluster Enhancement

To simultaneously factor in the magnitude of the spatial error and its duration, we applied to our data the Threshold Free Cluster Enhancement (TFCE) (Smith and Nichols, 2009). This algorithm, originally developed for the analysis of the hemodynamic response in functional neuroimaging, specifically helps to avoid the introduction of arbitrary thresholds when performing multiple-comparison corrections. In our context, we applied the algorithm to the time-series of positional deviations D, where each value is the Euclidean distance between the gaze location and the stimulus position at any given time point t. The positional deviations as a function of time are defined in Eq. 1:
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where p(t) and s(t) are the positions on the screen of the eye and the stimulus, respectively, divided into their horizontal (x) and vertical (y) components.

D(t) constitutes the input for the spatio-temporal integration performed with the TFCE equation, described in Eq. 2:
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Where e is the extent (temporal duration) and h is the height (spatial magnitude) of D(t) at a given point in time t (see Figure 3 for examples). This integral is implemented as a discrete sum using a finite step-size dh, [in our implementation dh = 1/2,500th of the maximum of D(t)]; h0 is the minimum of D(t) (which is always greater than or equal to 0), and E and H are the exponents. The resulting DTFCE(t) is a time-series of positional deviations weighted for their spatio-temporal integrated characteristics. Figure 3 shows some examples of using different E and H pairs: higher E values (red signals) enhance clusters with longer duration and suppress shorter ones; higher H values (blue signals) enhance the clusters with higher peaks and suppress the lower ones (Figure 3). We set these parameters to the recommended values of E = 2 and H = 0.5 (Smith and Nichols, 2009).
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FIGURE 3. Examples of time series filtered using the threshold free cluster enhancement (TFCE) algorithm with different combinations of parameters. A larger E weighs more the components of the original signal with a longer temporal extent (e), defined as the time interval where the signal is consistently above a predefined minimum (h0). Larger H, conversely, weighs more the highest components of the signal in terms of intensity (h). Note that the TFCE values here are normalized between 0 and 1 for visualization purposes only.


To label each value of DTFCE(t) as “healthy” or “visual loss” we apply the following algorithm.

First, to obtain the frequency distribution of all possible normative values [i.e., values of DTFCE(t) that should be considered healthy], DTFCE(t) is initially computed for every participant of the training dataset in the condition without simulated visual field loss, and the resulting values are aggregated with a histogram F. Next, to choose the optimal boundary to separate “healthy” and “visual loss” values, we set a threshold λn, such that F(λn) = nth percentile of F. For each value of λn, we compute B(t;λn) that is the binarized form of DTFCE(t) such that

B(t; λn) = 0, if DTFCE(t) ≤ F(λn) if “healthy” and B(t; λn) = 1, if DTFCE(t) > F(λn) if “visual loss”.

To choose the optimal λn parameter for the TFCE method, we compute a 2D Spearman rank correlation between the reconstructed visual field maps and their respective ground-truth maps obtained with the known locations of the simulated scotomas. The ground-truth maps are obtained as described in section “Visual Field Map Reconstruction”, using as an input the binarized time-series using the known location of the visual field.

First, we measure the correlation between ground-truth and TFCE maps of the training set reconstructed using all possible values of λn = {1, 2, 3, …, 100} (i.e., one for each percentile of the histogram F). Then the average between participants is computed for each simulated visual loss condition, followed by the grand average across conditions. The peak of the grand average corresponds to the optimal value of λn that is used to reconstruct the maps of the test data. This procedure is repeated for each fold of the fivefold cross-validation (see section “Fivefold Cross-Validation”).



Method #2: Recurrent Neural Networks

In this method, we train a recurrent neural network (RNN), as it is the most suitable known architecture to account for the temporal properties of the data (Rumelhart et al., 1986).

As training input X, we use the time series of the eye gaze positions p(t) and the stimulus positions s(t), as well as the luminance contrast (low contrast = 0; high contrast = 1) and type of pursuit of the stimulus (smooth pursuit = 0; saccadic pursuit = 1). As training output Y, we use both the shape of the VFD (classified as no loss, central loss, peripheral loss, and hemifield loss) of the participants that generated each training sequence and, for each time point, whether the stimulus position lies in a location obstructed by the simulated scotoma.

As shown in Figure 4, the network consists of two streams that initially process the sequential data [p(t) and s(t)] and categorical data (high/low stimulus luminance contrast and smooth/saccadic pursuit) separately. In particular, the sequential stream contains three bidirectional recurrent GRU layers (Cho et al., 2014) to effectively process the temporal dependencies of the sequential data. The outputs of both streams are then concatenated and used to jointly train two different softmax classifiers. One is trained to classify the shape of the VFD (no loss, central loss, peripheral loss, or hemifield loss), while the second one was trained to classify the visual field in a point-wise manner (i.e., “does the stimulus position in visual field space coordinates overlap with the scotoma?”).


[image: image]

FIGURE 4. Schematic representation of the architecture of the deep recurrent neural network.


We use the cross-entropy loss to define the cost function of the model, defined in Eq. 3:

[image: image]

Where M is the number of classes, y is the ground-truth label, and p is the predicted probability distribution, i.e., the output of each softmax classifier. Subscript s refers to the point-wise scotoma classifier and subscript d to the VFD shape classifier. In order to give priority to optimizing the reconstruction of the visual field, we set α = 0.75 and β = 0.25. The parameters θ of the model are learned through mini-batch gradient descent, using RMSprop (Tieleman and Hinton, 2012), for 15,000 iterations with a batch size of Bs = 128.

The training batches are formed by first selecting Bs different sequences from the set of 20-s trials, originally sampled at 240 Hz. Then, we randomly sampled one sub-sequence of 4.17 s (1,000 time steps) from each sequence and finally down-sample them at 60 Hz (250 time steps). The stimulus contrast level and pursuit modality of the corresponding sequences are also added to the training batches.

This deep model can be regarded as a mapping y = f(x;θ), where y = [pws pwd], pws being the point-wise scotoma prediction and pwd the VFD shape prediction of a sub-sequence x. In order to classify the VFD shape of one participant, we are interested here in pwd.

Since the data acquisition for one participant consists of six repetitions of 20 s trials for each contrast/pursuit combination, we average the predicted output probability distributions of multiple sub-sequences. In particular, we average the predictions of the K = 6 × 2 × 2 = 24 downsampled sequences. The predicted VFD for a participant s is thus defined by Eq. 4:

[image: image]

Where K is the number of subsequences in the set of trials S of participant s.




Methods Evaluation


Fivefold Cross-Validation

To assess the quality of visual field reconstruction using the TFCE- and RNN-based methods, we carried out a participant-aware fivefold cross-validation. To do this, we split the data from the 50 participants into five sets, each containing the data from 40 participants for training and 10 participants for testing. We ensured that, in each fold, the sets of participants for training and testing are always disjoint. An example of data partitioning is as follows:


•Fold 1:


  •Train: participants [1, 2,…, 40]

  •Test: participants [41, 42,…, 50]



•Fold 2:


  •Train: participants [1, 2,…, 30] U [41, 42,…, 50]

  •Test: participants [31, 32,…, 40]



•Fold 3:


  •Train: participants [1, 2,…, 20] U [31, 32,…, 50]

  •Test: participants [21, 22,…, 30]



•Fold 4:


  •Train: participants [1, 2,…, 10] U [21, 22,…, 50]

  •Test: participants [11, 12,…, 20]



•Fold 5:


  •Train: participants [11, 12,…, 50]

  •Test: participants [1, 2,…, 10].





To evaluate the feasibility of our methods in a clinical setting, we additionally assessed three participants diagnosed with primary open-angle glaucoma (POAG) and two age-matched healthy control participants. These participants were not part of any training set.



Visual Field Map Reconstruction

To reconstruct the visual field maps, the classified time-series need to be converted into visual field coordinates. Both the TFCE and the RNN outputs consist of binarized time-series B(t) where each entry has a value of 0 if it is classified as not being obstructed by a scotoma and 1 if it is. Each entry also has associated with it a pair of xy coordinates, where x is the difference between the horizontal gaze and stimulus positions at that time point and, analogously, y is the difference between the vertical gaze and stimulus positions. These are retinotopic coordinates, meaning that they represent where the stimulus was with respect to the gaze of the participant. These coordinates are then binned into an N × M grid, where each square represents 1°2 of visual space and N and M are the dimensions of the visual field tested. Each square contains the percentage of occurrences that that specific location has been classified as being obstructed by a scotoma and gets color-coded accordingly. For visualization purposes, these retinotopic coordinates can be easily converted into polar coordinates.

A summary of the pipeline for visual field map reconstruction from gaze-tracking TFCE-filtered time-series is shown in Figure 5. The RNN visual field map reconstruction is analogous, with the binarized values of B(t) being provided by the outcome of the time-point classifier (Figure 4) rather than the threshold value F(λn)applied to TFCE-filtered eye-tracking signals.


[image: image]

FIGURE 5. Schematic representation of the algorithm pipeline. Starting from the TFCE-filtered time-series in panel (A), a probability distribution F of all possible normative TFCE values is computed in panel (B). For all percentiles λn of the distribution F, a threshold value F(λn) is defined and used to binarize the TFCE-filtered signal in panel (C). Each time point of the TFCE-filtered signal has associated with it the spatiotopic coordinates of gaze (px and py) and the stimulus positions (sx and sy), which are converted into retinotopic coordinates Bx and By. The resulting mapped retinotopic coordinates in panel (D) are associated with a target location T which contains the average of the aggregated B(t) values at that specific location. B(t) is the expected probability that that specific location is affected by a scotoma. An analogous back-projection algorithm is implemented for the reconstruction of the visual field using the recurrent neural network (RNN), where the binarized time-series in panel (C) is defined by the output of the model instead of the threshold F(λn).


Note that the back-projection into visual field space has been used to reconstruct the ground-truth maps as well. In their case, the information about the presence or absence of the scotoma is known a priori, but the reconstruction is still necessary to ensure a proper spatial comparison between the ground-truth and the TFCE or RNN maps since the tracking behavior is always different due to the random nature of the paths.



Evaluation on Simulated Visual Field Defects

After reconstructing the visual field maps, we evaluated the performance of the TFCE method and RNN “time-point classifier” by computing a 2D Spearman rank correlation between the ground-truth maps and the reconstructed maps. This analysis is done for each fold independently, so that any subject belonging to the test set is excluded from the training set.

Furthermore, we used the “visual field classifier” of the RNN to assess the robustness of categorical classification of VFD s in case of heavy miscalibrations of the eye-tracking setup (see Supplementary Materials, section “Testing Robustness to Miscalibration Errors”).



Evaluation on Patients Data

To provide a proof-of-concept of the viability of these methods in a clinical setting, we asked three patients and two healthy control participants with various degrees of visual field loss to perform the visual tracking task. We then compared the maps obtained with TFCE and RNN to those obtained with SAP using the Humphrey Field Analyzer (HFA), using the SITA-Standard algorithm. The HFA was performed monocularly on the eye affected by POAG in the case of patients and on the dominant eye in the case of controls. We then compared the mean deviation (MD) as reported by the HFA (MDHFA) with an MD computed based on the TFCE- and RNN-reconstructed maps (MDTFCE and MDRNN, respectively).

Since the stimulus used for the tracking task followed a random-walk path, we could not ensure complete coverage of the whole visual field. Therefore, the computation of the MDTFCE and MDRNN values comprises a correction for visual field coverage. Our MDs are computed as follows:
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Simplified as:

[image: image]

Where n’ is the number of visual field locations sampled, n is the number of all possible visual field locations and T(Bx, By) is the probability that a specific location is affected by visual loss (see Figure 5).





RESULTS

The results of the optimization of the parameter λn based on the maximum average accuracy of each condition for each fold are shown in Figure 6, while Figure 7 shows the effect that adjusting λn has on the visual field map reconstruction of a participant across all conditions.


[image: image]

FIGURE 6. Results of the optimization of the λ parameter for each fold of the cross-validation. The optimal percentiles to be used as thresholds between “healthy” and “impaired” TFCE values are in the range 86th–90th (mean 87.4), corresponding to the peaks of the grand average between all tested conditions.



[image: image]

FIGURE 7. Example of the effect that adjusting the λ parameter has on a single participant, across all conditions. As the optimal λ (90) is approached, the number of false positives across all conditions is minimized. Darker colors indicate a higher probability of that point being affected by visual loss (white = 0%, black = 100%).


The results are very consistent across the fivefolds, with only the central loss condition showing minimal variability. The resulting optimal λn is the average threshold determined for each of the five folds (#1: 89; #2: 86; #3: 86; #4: 90; and #5: 86).

Next, in the test set, we reconstruct maps using both the TFCE (with the optimized λn) and RNN methods. For each method separately, we compute the 2D Spearman rank correlation with the respective ground-truth reconstructed map. Figure 8 shows examples of reconstructed visual field maps for all simulated visual loss conditions applied to one random participant of the test set.


[image: image]

FIGURE 8. Reconstructed visual field maps for a single participant. Darker color indicates the higher probability of that point being affected by visual loss (white = 0%, black = 100%). The TFCE maps, although less accurate than the RNN ones, still allow the recognition of the shape of the underlying scotomas. The RNN maps, on the other hand, closely resemble the ground-truth maps.


We evaluated the overall performance of both the TFCE and RNN methods for all conditions tested, applying the fivefold cross-validation for both methods using the same 40–10 split. Each fold uses its own optimized λn as shown in Figure 6.

Figure 9 shows the performance for both the TFCE and RNN methods, quantified with the spatial distribution of False Positives and False Negatives (Figure 9A), the False Positive Rate/False Negative Rate (Figure 9B), and with their accuracy, computed as the 2D Spearman rank correlation between the reconstructed and ground-truth maps (Figure 9C).


[image: image]

FIGURE 9. (A) Spatial distributions of false positives and false negatives rates for each condition and for both TFCE and RNN methods. (B) Total error rates combining false positive rate and false negative rate of TFCE and RNN. (C) Comparison between TFCE and RNN visual field map reconstruction accuracies. The RNN method shows higher correlations with the ground-truth as well as being more consistent than the TFCE method. Statistically significant differences (p < 0.001) are found across all tested conditions. Error bars show the 10th and 90th percentiles of each distribution.


A Kruskal-Wallis test (nonparametric one-way ANOVA) shows a statistically significant difference between the two methods for all observed conditions (all p-values < 0.001), where the RNN method proved to be more accurate than the TFCE in all but one condition (No Loss). Overall, the RNN method also showed less variability between participants (see Table 1).


TABLE 1. Variability of the two methods threshold free cluster enhancement (TFCE) and recurrent neural network (RNN) measured with interquartile ranges (IQR) of the accuracies of the visual field map reconstructions.

[image: Table 1]
Finally, to evaluate the generalizability of our approaches to a real clinical context, we compared the TFCE and RNN methods with the perimetry maps obtained with the Standard Automated Perimeter HFA, the current gold standard in perimetry. For this comparison, we tested participants with real VFD s of different severity and compared the MDHFA to the MDTFCE and MDRNN computed as described in paragraph Application of eye-tracking visual field reconstruction to clinical data in section “Materials and Methods”. For this comparison, we took as optimal TFCE λn the average between the optimal values of each fold. This λn corresponds to the 87.4th percentile of the distribution of all possible TFCE normative values. The clinical participants have been treated as a new independent test set, no re-training of the RNN model has been performed.

Contrary to the simulated scotomas case, the TFCE method outperformed the RNN in terms of agreement with the MD values of the HFA, showing a significant rank correlation between MDTFCE and MDHFA ([image: image], pTFCE = 0.0117;[image: image], pRNN = 0.112).



DISCUSSION

Our main conclusion is that it is possible to reconstruct visual field maps, including the location of a scotoma, based on eye-tracking data acquired with a method of continuous gaze tracking. We consider this a breakthrough proof-of-principle, as it indicates a pathway toward the design of a high-resolution, patient-friendly way to perform perimetry. Below, we discuss the merits (and limitations) of the two methods for visual field map reconstruction that we presented and tested in this study: (1) spatio-temporal integration of positional deviations performed with TFCE and (2) recurrent deep artificial neural network (RNN). Moreover, we will compare our techniques to other proposed methods for eye-tracking-based perimetry and discuss possible further improvements.


Continuous Gaze-Tracking Allows the Reconstruction of Visual Field Maps


Threshold Free Cluster Enhancement

The spatio-temporal integration of positional deviations via TFCE allows the reconstruction of visual field maps without requiring any prior knowledge about VFDs. It is a method easy to implement, computationally inexpensive, and biologically-plausible: a loss of sensitivity in the visual field is associated with lower accuracy and higher delays of the eye-movements landing in the impaired region. This is consistent with findings from previous studies involving patients with central (Van der Stigchel et al., 2013) and peripheral (Burton et al., 2014) VFDs.

The TFCE method performed quite well in reconstructing visual field maps with no loss or with peripheral loss (accuracies of 0.95 and 0.87, respectively), while it fared less optimally in reconstructing central losses and hemifield losses (accuracies of 0.31 and 0.74, respectively). A plausible reason for this discrepancy is the heavy foveal bias that is inherent to continuous tracking tasks: to accurately track the stimulus the observer must keep it as close as possible to the centermost part of their visual field. In the case of occlusion of the fovea, this is not possible, leading to prolonged errors that never allow the positional deviations to return to zero (i.e., when the eye is on the target). In the TFCE algorithm, this results in an erroneous definition of the baseline (the h0 parameter in Eq. 2) which in turn leads to an increased error rate toward the center of the visual field for central loss and hemifield loss conditions (Figures 9A,B).

Furthermore, although this method fares well in detecting a scotoma in its expected location, it struggles in precisely defining the edges of the defect (for examples see Figure 8, second and fourth rows). This can be due to the presence of compensatory eye movement strategies in the observer or the use of a different preferred retinal locus in the presence of VFDs, whether real (Coeckelbergh et al., 2002) or artificial (Cornelissen et al., 2005; McIlreavy et al., 2012).

Despite these limitations, the maps reconstructed with this method corresponded well to those reconstructed using SAP (Figure 10), and their respective MD values significantly correlated with each other, showing promising potential for generalizability into clinical use.


[image: image]

FIGURE 10. Perimetric maps of the five patients tested with our continuous tracking test. The TFCE maps are reconstructed using as λn the average of the values obtained by each fold (see Figure 6). C#1 and C#2 are healthy controls, while G#1, G#2, and G#3 and patients previously diagnosed with Primary Open Angle Glaucoma. The black circle within the HFA maps represents the portion of the visual field covered by the TFCE and RNN maps. The TFCE method shows a significant correlation between its Mean Deviation index and the one obtained with the HFA, whereas the RNN method does not ([image: image], pTFCE = 0.0117; [image: image], pRNN = 0.112).




Recurrent Neural Network

The reconstruction of visual field maps employing the RNN method proved to be highly accurate with simulated scotomas, with an average accuracy across conditions above 0.90. This method, however, did not show significant correlations with the maps of POAG patients obtained using SAP. This could be due to the way the network was trained.

Using a limited number of predefined scotoma shapes made the RNN optimal at reconstructing similar scotomas (with an average accuracy above 0.90), but not as effective in dealing with new shapes not encountered before. This is also evident from the spatial distributions of false positives and false negatives (Figure 9A, lower panel), where the RNN reveals having a clear internal representation of the four scotoma shapes used in the training data.

Another aspect that limits the implementation of the RNN in a clinical setting is that, in its current form, it requires training data for which the location of the scotoma is known. This is easily achievable using simulated gaze-contingent scotomas, but with actual patients, it is impossible to establish their objective ground-truth. While the comparison to SAP is an obvious approach as it is the current gold standard, this method can be unreliable when testing moderate to severe visual loss (Gardiner et al., 2014), cognitively impaired (Kim et al., 1995; Murray et al., 2009; Pel et al., 2013; Diniz-Filho et al., 2017; Jones et al., 2019), or very young patients (<6 years old) (Tschopp et al., 1998; Patel et al., 2015), leading to a distorted ground-truth that would not constitute good training data.

We must note though that most of these limitations can potentially be overcome by redesigning the way the training data is acquired. In section “Current Limitations and Future Improvements”, we propose possible solutions to the training issue and other problems.




Clinical Relevance of Continuous Gaze-Tracking Perimetry

The two computational methods to derive perimetric information proposed in this study showed mixed outcomes when compared to the outcome of Standardized Automated Perimetry (SAP) as done with a Humphrey Field Analyzer (HFA). While the MD derived from TFCE-reconstructed maps significantly correlated with the MD obtained from SAP, the MD derived from the RNN-reconstructed maps did not. However, the TFCE method showed overall lower accuracy compared to the RNN in the simulated visual field loss conditions. This may lead one to question the present approach. However, when comparing it to SAP, the clinical relevance of continuous gaze-tracking and its associated computational methods must be evaluated while considering a number of aspects. The first aspect to consider is the biological plausibility of the method. Our TFCE approach assumes a relationship between retinal sensitivity at a given location and the oculomotor delay toward said location. This relationship has been confirmed in patients with peripheral or central scotomas (Van der Stigchel et al., 2013; Burton et al., 2014) and it is the basis of many other proposed forms of eye-movement-based perimetry (Kim et al., 1995; Murray et al., 2009; Pel et al., 2013; Jones et al., 2019; Martínez-González et al., 2020). This implies that in its current form, the TFCE approach could already be deployed in a clinical setting (perhaps after optimization of its hyperparameters, see section “Current Limitations and Future Improvements”). In contrast, the RNN approach lacks this a priori biological plausibility. While this does not exclude it from being clinically applicable, it does imply that the data used to train the network must be sourced with great care to ensure biological plausibility and clinical relevance. Further optimizing the RNN will require collecting more and in particular more variegated simulation data.

The second aspect to consider is the difference between static and kinetic perimetry. The visual stimulation used in continuous gaze-tracking perimetry is more analogous to kinetic perimetry (e.g., as performed by means of a Goldman Perimeter) than to the static stimuli used in SAP. When comparing the results of static and kinetic perimetry, it is well documented that their visual field maps do not always match, a phenomenon known as Stato-Kinetic Dissociation (SKD). The basis of SKD can be either physiological (Hudson and Wild, 1992; Osako et al., 1997) or pathological (Safran and Glaser, 1980; Hayashi et al., 2017). This implies that the maps derived from continuous gaze-tracking perimetry and SAP may reflect different aspects of visual sensitivity. On the one hand, continuous gaze-based perimetry may emphasize the sensitivity of the magnocellular system, while SAP may emphasize that of the parvocellular system (Safran and Glaser, 1980). If so, this would imply that continuous gaze-tracking perimetry and SAP would best be seen as complementary approaches.

The final aspects to consider are comprehensiveness and ease of use. While SAP does only perimetry, the use of eye movements has two important clinical advantages: the data acquired for perimetry can simultaneously be used for additional neuro-ophthalmic evaluations (Grillini et al., 2020). Moreover, according to patients, continuous gaze-tracking perimetry is less tiring and easier to perform than SAP (Demaria et al., 2020). These properties could make continuous gaze-tracking perimetry an interesting approach for preliminary screenings.



Comparison With Existing Tools for Eye-Tracking-Based Perimetry

The rationale behind the development of a perimetric tool based on continuous gaze tracking is rooted in the previous evidence that kinetic perimeters, i.e., devices such as the Goldmann Perimeter and the Octopus 900 where the probing stimulus is moving, outperform SAP both in reliability and ease of use in patients aged 5–8 (Patel et al., 2015). This suggests that the use of moving stimuli in perimetry, although considered not optimal for the general population, might be relevant within specific clinical contexts, and eye-tracking techniques constitute a fertile ground to explore this possibility.

We are not the first to propose eye tracking as a means toward removing some critical aspects of SAP, such as its high cognitive load and the need for manual feedback (Kim et al., 1995; Murray et al., 2009; Pel et al., 2013; Jones et al., 2019). In fact, even the counting of fixation losses and determining blink frequency can be seen as an elementary form of eye-tracking that is used to improve the reliability of SAP (Ishiyama et al., 2015; Asaoka et al., 2019).

So far, all existing tools for eye-tracking-based perimetry employ the same working principles of conventional perimetry with the primary difference being using ocular responses instead of manual ones. The patient is still asked to repeatedly answer the question “do you see the stimulus?”, and the answer is provided by the landing (or not) of a saccade within a Region-of-interest (ROI) around the target (Kim et al., 1995; Jones et al., 2019), or by the latency of a saccade that fell within the ROI of a displaced target (Pel et al., 2013).

This approach comes with the advantage of allowing a precise sensitivity threshold estimation for each tested visual field location but has two major downsides. First, since each point needs to be tested individually and repeatedly, the spatial resolution is intimately interrelated to the available testing time. Second, discrete eye movement perimetry is heavily reliant on optimal instrument calibration: if the average calibration error exceeds the ROI radius of each target, it is very well possible to have completely invalid maps where none of the measured locations on the visual field reflects the true underlying visual sensitivity.

Our method based on continuous tracking is designed to be less affected by these sampling- and calibration-related issues.

First, as each time sample contributes to the final map and spatial binning is applied only a posteriori, even without any smoothing, it is possible to obtain detailed maps (see Figures 6, 7, 9).

Second, although less affected by the calibration issues that might arise during a clinical evaluation, our gaze-based method of visual field mapping can still allow for the classification of VFDs. Our method is based on the same stimuli as used in a previous study by Grillini et al. (2018), where spatio-temporal features were used to classify the shape of the underlying VFD. The categorical classification in that study was performed by training a simple decision tree with the features explicitly extracted from the gaze and stimulus data. The temporal features are affected minimally by poor calibration and still yield sufficient information about the type of scotoma.

In the present study, these spatio-temporal features of eye movements are not made explicit, but their categorical classification is still performed by our neural network (see Figure 4, upper stream). As the temporal dependencies are taken into account by the long short-term memory properties of the bidirectional GRUs layers (Cho et al., 2014), the network can perform a satisfactory VFD classification (not reconstruction) also in the presence of rather poor calibrations. We provide empirical evidence for this claim in Supplementary Materials, where we show how the RNN is robust even in the presence of rather severe distortions applied to the data. The performance of the RNN remains above chance-level (25%) for absolute distortions in the data up to 5° (see Supplementary Figures 3, 4), with an accuracy above 60% up until 3°.



Current Limitations and Future Improvements

While we believe that the results presented constitute a promising proof-of-concept of the viability of continuous-gaze-tracking perimetry, their implementation into a clinical setting would still require several improvements, both in the acquisition and analysis of gaze data.

First, we trained the RNN using simulated VFDs to establish a ground-truth for the presence vs. absence of a scotoma. While this is not feasible with real scotomas, an alternative is to train the RNN with more realistic and diverse visual loss simulations. The ones that we used were either masking the stimulus completely or not at all, as well as having stereotyped shapes lacking all the idiosyncrasies that can be present in actual visual field impairments. Training the RNN with different “archetypal” shapes with multiple levels of contrast reduction could provide a significant improvement over our present results (Elze et al., 2015). Another re-training possibility could use data augmentation in a similar way to what we show in Supplementary Materials: the RNN is already robust to miscalibration error, but its performance could improve further if the training data is augmented with such perturbations. Data augmentation has proven to be one of the most effective methods to improve the robustness of neural networks to noise and other data perturbations (Hernandez-Garcia et al., 2019; Rusak et al., 2020).

Second, the TFCE method requires two parameters to be defined beforehand: H and E, representing the weights to be attributed to the height and the extent of the positional deviations, respectively. These parameters are typically chosen empirically (Smith and Nichols, 2009), while a future implementation of this method can comprise a preliminary optimization phase in which the parameters H and E are chosen analytically using machine learning. Possible computational approaches for the optimization of the TFCE hyperparameters would be grid-search cross-validation (Abu-Mostafa et al., 2012) or Bayesian optimization (Brochu et al., 2010).

Third, optimization of the stimulus properties. The current stimulus is the same used to extract the spatio-temporal properties of eye movements for neuro-ophthalmic screening (Grillini et al., 2020), but it can be further optimized to perform visual field assessment. For instance, properties such as luminance contrast and speed can be adjusted to “lengthen the tail” of the normative distribution of TFCE values (see Figure 5B), thus facilitating the thresholding between “healthy” and “impaired” values. We hypothesize that adopting test conditions closer to the sensory limits may help in this (i.e., using a stimulus contrast close to the contrast-sensitivity threshold and using an average speed above 30°/s to make smooth pursuit more difficult).

Analogously, the trajectory of the moving target can be adjusted with the goal of maximizing visual field coverage and minimizing central bias. For example, the positions to which the target will “jump” can be drawn from a pattern similar to the stimulus locations of SAP, rather than being randomly chosen. This would ensure optimal coverage while retaining the advantage of a higher spatial resolution brought by continuous gaze-tracking.

Fourth, the present simulated visual loss data used for training the RNN (healthy controls) and the clinical data (glaucoma patients) used to test it were acquired from two groups with different age ranges (20–30 vs. 70–80). The different age ranges may have affected eye movements even in the absence of a clinical condition (Rottach et al., 1996).

Lastly, an additional improvement could be to take into account the physiology of the retina and model H and E according to the “hill of vision” (Jacobs and Patterson, 1985). In this case, different values of H and E could be determined for sections of the retina at different eccentricities, such as the central peak (0°–10°), the mid-plateau (15°–25°), and the peripheral decay (above 25°) and combined with the hyperparameter optimization methods mentioned above for best results.




CONCLUSION

We developed and proposed two methods that enable the reconstruction of visual field maps by estimating retinal sensitivity using continuous gaze-tracking data: (1) spatio-temporal integration of positional deviations performed with TFCE and (2) recurrent deep artificial neural network (RNN). The two methods possess complementary qualities (and downsides): the TFCE is biologically-plausible and computationally efficient while the RNN is remarkably accurate when provided with proper training data. We conclude that both methods can contribute to making gaze-based perimetry more viable in the future.
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Background: 3D Pseudocontinuous Arterial Spin Labeling (3D-PCASL) MRI and optical coherence tomography angiography (OCTA) have been applied to detect ocular blood flow (BF). We aim to characterize the ocular BF in diabetic retinopathy (DR) using 3D-PCASL and OCTA, to discuss the relationship between ocular and cerebral BF, and to evaluate their potential utility to assess the severity of DR.

Methods: A total of 66 participants (132 eyes) were included. Seventy-two eyes were classified in the proliferative diabetic retinopathy (PDR) group, and 60 were in the non-proliferative diabetic retinopathy NPDR group. Ocular and cerebral BF values were detected by 3D-PCASL using a 3.0T MRI scanner with two post-labeling delays (PLDs). Vessel density (VD)/perfusion density (PD) of the macular or peripapillary area were detected by OCTA. Parameters and clinical characteristics were compared between the PDR and NPDR eyes utilizing two-sample t-tests and chi-square tests. Spearman's rank correlation analysis, logistic regression analysis, and receiver operating characteristic curves (ROC) analyses were performed to evaluate the factors' role in DR severity.

Results: The perfusions of the retinal/choroidal plexus (RCP), optic nerve head (ONH)/optic nerve (ON), and VD/PD of macular/peripapillary area in the PDR group were significantly lower compared to the NPDR group (p < 0.05). They were protective factors for PDR [ORs = 0.842 for RCP (1.5 s PLD), 0.910 for ONH (1.5 s PLD), 0.905 for ON (both 1.5 and 2.5 s PLD), 0.707 for macular VD, 0.652 for peripapillary VD, p < 0.05, respectively]. Ocular BF had a positive correlation with BF of the occipital lobe (OL) and temporal lobe (TL) in the cerebrum. The BF of RCP (lower than 7.825 mL/min/100 g at 1.5 s PLD) indicated PDR [areas under the curve (AUCs) = 0.682, 95% CI: 0.588–0.777, sensitivity: 70.7% specificity: 63.9%]. The AUC of RCP (PLD = 1.5 s) BF combined with peripapillary VD was 0.841 (95% CI: 0.588–0.777, sensitivity: 75.9% specificity: 82.9%).

Conclusions: 3D-pcASL and OCTA may be effective non-invasive methods to measure ocular blood flow in DR patients and assess the severity of DR.

Keywords: 3D-pcASL, OCTA, diabetic retinopathy, blood flow, optic nerve


INTRODUCTION

Diabetic retinopathy (DR) is an ocular manifestation that affects one-third of diabetes patients (1). It is also the leading cause of visual impairment and new-onset blindness in working-age adults (2). DR is characterized by microvascular dysfunction (3, 4), and, if left untreated, can result in retinal neovascularization, loss of vision, and pain. More than 90% of blindness cases caused by DR, however, can be prevented by early detection and appropriate intervention (5).

At present, fluorescein angiography (FA) is the gold standard method used to evaluate the severity of DR—but, due to its invasive nature, depth limitations, ocular media restrictions, and the adverse effects of dyes (6), it is unsuitable for either early diagnosis of DR or long-term monitoring of the condition. Recent work suggests that imaging methods focusing on neural blood perfusion may have predictive value in evaluating DR. Prior evidence shows that ocular vascular changes [i.e., hypoperfusion of the retina /choroid plexus (RCP) (7)], rather than structural lesions, may underly the progression of DR (8–13). Retinal blood perfusion is controlled by neurons. In one study in a DR model, the ocular arteriole and capillary failed to dilate in coordination with metabolic demands when neurons were stimulated by lights (14). This lack of coordination could lead to a cycle of neuronal dysfunction and neurodegeneration, leading to vision loss and an increasingly pro-inflammatory environment which could ultimately promote the progression of DR (15). Thus, doppler, laser speckle, and angiography techniques have been used to measure ocular blood flow (16). However, quantifying images, particularly of the choroid and optic nerve, is still challenging using these methods.

Arterial spin labeling (ASL) perfusion MRI is a relatively new, versatile, and non-invasive imaging technique that uses magnetically labeled water in arterial blood as an endogenous tracer. Because of its highly layered structure, ASL-MRI is particularly applicable for measuring RCP perfusion (17). In a murine model of DR, Muir et al. (18) found that both retinal and choroid blood flow was successfully detected by ASL, with a larger view field and without depth limitation. Peng et al. (19) have also recently used the novel pCASL technique to acquire ocular blood flow images and parameters in humans with DR. Other ocular vasculature profiles in DR, such as vessel density (VD) and perfusion density (PD), can be detected by OCTA, an alternative non-invasive technique (20, 21).

Here, we use 3D-pCASL and OCTA to quantify RCP and ON blood perfusion changes throughout the progression of DR, and evaluate their potential utility to assess DR severity.



MATERIALS AND METHODS


Subjects

Our prospective cross-sectional study was approved by the medical research ethics committee of Beijing Friendship Hospital at Capital Medical University. Written informed consent was obtained from all participants.

From November 2018 to December 2019, DR patients were recruited from the ophthalmology department of the Beijing Friendship Hospital at Capital Medical University. Exclusion criteria included: (1) type-1 diabetes mellitus; (2), Ocular vascular diseases, such as retinal vein occlusion; (3), a history of other retinal or optic nerve diseases, glaucoma, uveitis; (4), any systemic diseases that could have affected ocular blood flow, such as arteritis; and (5), contraindications for MRI.

Diagnosis of type 2 diabetes mellitus (DM) in each patient was confirmed by an internal medicine consultant. DR was confirmed by an ophthalmologist using fundus imaging and fluorescence fundus angiography (FFA). All recruited patients underwent detailed ophthalmological investigations, including best-corrected visual acuity (BCVA)–recorded as the logarithm of the minimum angle of resolution (logMAR)– slit-lamp biomicroscopy, intraocular pressure measurements, and fundus color photography (Kowa Nonmyd WX; Kowa Company Ltd., Japan) after full mydriasis and FFA. FFA images were read by a retina-trained specialist.

Images of eyes were categorized into a PDR group and an NPDR group, according to the International Clinical Diabetic Retinopathy Severity Scale (4). The PDR group was further categorized into two subgroups, according to BCVA: group A (logMAR ≥0.3) and group B (logMAR < 0.3).



MRI Data Acquisition

MR imaging was carried out using a 3.0 T Ingenia scanner (Philips Healthcare, Best, Netherlands) equipped with a commercial body coil for transmission and a 16-channel head coil for reception. Conventional T2-weighted fast-spin-echo and 3D time-of-flight (TOF) MR angiography images were obtained before the ASL sequence to exclude patients with brain lesions or arterial stenosis. All patients were required to keep their eyes closed and stay motionless during the examinations.

Blood flow (BF) was imaged utilizing the pcASL technique. The gradients adopted an unbalanced scheme and the labeling parameters were optimized to decrease sensitivity to the off-resonance effect [post-labeling delay, PLD, = 1.5 seconds; (repetition time, TR = 3,814 ms; echo time, TE = 13 ms; bandwidth, BW = 7763.2 Hz); PLD = 2.5 s (TR = 4.928 ms; TE = 12 ms; BW = 8134.4 Hz); flip angle = 90; label distance = 90 mm]. Images were acquired using the multishot TSE sequence (slice thickness = 3.5 mm, number of slices = 20, slice orientation = transverse, slice gap = 0, field of view = 240 × 240 mm, in-plane resolution = 3 × 3 mm, matrix = 64 × 60, reconstruction matrix = 80, and number of excitations = 2).



ASL Data Quantification

The RCP blood flow map was automatically derived from the ASL images using a dedicated workstation (IntelliSpace Portal Release v. 7.0.4.20175, Philips). A region of interest (ROI) in the RCP map was placed independently by an experienced radiologist and an experienced ophthalmologist at the level of the optic nerve. The two specialists reached an agreement on how to draw ROIs, which were two-dimensional and covered as much of the RCP as possible. The average value of each ROI was calculated automatically and then analyzed.



Optical Coherence Tomography Angiography (OCTA) Measurement

OCTA examination was completed using the 68 kHz Zeiss Cirrus HD-OCT 5000 with AngioPlex at a wavelength of 840 nm (Carl Zeiss Meditec, Dublin, CA, USA) (22). Volumetric scans were processed using optical microangiography (OMAG) algorithms to generate flow images. The OMAG algorithm analyzes differences in both phase and intensity information from repeated B-scans to quantify motion contrast. The superficial capillary plexus (SCP) was extended from the internal limiting membrane to the inner plexiform layer.

A macular and optic disc-centered 6 × 6 mm scan was taken to investigate microvasculature. Each 6 × 6 mm scan contained 350 A-scans in each B-scan, and each B-scan was repeated two times at the same location. The vessel density (VD) was defined as the total length of perfused vasculature per unit area in a region of measurement, and perfusion density (PD) was defined as the total area of perfused vasculature per unit area in a region of measurement. Cirrus OCTA software (ver. 10.0) automatically calculated the value of the SCP according to the Early Treatment of Diabetic Retinopathy Study (ETDRS) subfields. We analyzed the macular VD, macular PD, peripapillary VD, and peripapillary PD in SCP of the full field of view (FOV).



Statistical Analysis

All statistical analyses were performed using SPSS statistical software (version 26.0, SPSS Inc., Chicago, Illinois, USA). Data were expressed as the mean ± standard deviation. Two-sample t-tests and chi-square tests were performed to compare differences between the NPDR and PDR groups. Spearman's correlation analyses were utilized to evaluate the correlation between BF in the RCP and cerebrum. Binary Logistic regression analysis was used to obtain odds ratios (ORs). Diagnostic accuracy of RCP blood flow in DR grades that were measured by 3D-pCASL and OCTA was evaluated using receiver operating characteristic (ROC) curves. P-values < 0.05 were considered statistically significant.




RESULTS


Patient Demographic and Clinical Characteristics

A total of 66 DR patients (132 eyes) were included, with the PDR group consisting of 38 patients (72 eyes), and the NPDR group consisting of 32 patients (60 eyes). Four patients had one eye included in the PDR group and the other in the NPDR group. There were 45 eyes in group A and 22 eyes in group B. No significant differences were identified between two groups in BCVA, IOP, age, gender, or other clinical indexes (Table 1).


Table 1. Patient demographics and clinical characteristics.
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Comparison BF and VD/PD Values of RCP and ON

The BF values of RCP and ONH in PDR group were significantly lower than the NPDR group at 1.5 s PLD, but not at 2.5 s PLD (RCP, 7.19 ± 3.30 vs. 9.93 ± 5.26 mL/min/100 g; ONH, 7.78 ± 4.38 vs. 10.23 ± 6.53 mL/min/100 g p < 0.05, respectively). The BF values of ON in the PDR group were notably lower than the NPDR group at 2 PLD (PLD = 1.5 s, 7.12 ± 3.18 vs. 9.24 ± 6.53 mL/min/100 g; PLD = 2.5 s, 10.43 ± 5.31 vs. 13.91 ± 6.86 mL/min/100 g p < 0.05, respectively). There were no differences between the BF values of OL and TL between the two groups at either PLDs (Figure 1). The BF value of ON in group A was 8.65 ± 4.38, significantly lower than group B [which was 11.86 ± 15.42 (p = 0.018) at 2.5 s PLD].


[image: Figure 1]
FIGURE 1. Blood flow maps of ocular and cerebral in DR patients. The ocular and cerebral blood flow maps was automatically derived from the ASL images at postlabeling delay 1.5 and 2.5 s, respectively.


The average VD and PD of the macular and peripapillary area in the PDR group were remarkably lower than in the NPDR group (P < 0.001 for both; see Table 2, Figure 2).


Table 2. BF/VD/PD values of the ocular and optic nerve.
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FIGURE 2. OCTA measurement of DR. One DM patients was diagnosed with PDR in the right eye and NPDR in the left eye. (A,B) VD of macular/peripapillary area in both eyes; (C,D) PD of macular/peripapillary area in both eyes.




The Relationship Between BF of Ocular and Cerebrum

Spearman correlation analysis was performed to explore the relationship between ocular and cerebral perfusion (Table 3). Spearman's correlation coefficients between BF of RCP/ONH/ON and TL at 1.5 s PLD were highly significant, with values of 0.580, 0.458, and 0.385 (P < 0.001 for all). Spearman's correlation coefficients between BF of RCP/ONH/ON and OL at 2.5 s PLD were also highly significant, with values of 0.239, 0.403, and 0.244 (P = 0.006, P < 0.001, P = 0.005, respectively).


Table 3. Spearman's rank correlation analysis between ocular and cerebral BF.
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Logistic Regression Analysis of Factors Associated With PDR

Hierarchical data logistic regression was used to examine the association between BF of RCP/ONH/ON and VD/PD of macular/peripapillary area and DR degrees. Logistic regression analysis revealed that the BF of RCP/ONH/ON was a protective factor for PDR at 1.5 s PLD [ORs = 0.842 (95% CI: 0.764–0.842, P < 0.001), 0.910 (95% CI: 0.851–0.974, P < 0.05), 0.905 (95% CI: 0.839–0.976, P < 0.05)]. The BF of ON at 2.5 s PLD was also a protective factor for PDR. [OR = 0.905 (95% CI: 0.849–0.964, P < 0.05)]. VD/PD of the macular/peripapillary areas were all protective factors for PDR (Table 4).


Table 4. Logistic regression analysis of factors associated with PDR.
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ROC Analysis

Finally, ROC curve analysis showed that, at 1.5 s PLD, the RCP BF cutoff value for the diagnosis of PDR was 7.825 mL/min/100 g, and AUC was 0.682 (95% CI: 0.588–0.777, sensitivity: 70.7% specificity: 63.9%). The ON BF cutoff values at 2.5 s PLD for the diagnosis of PDR was 10.54 mL/min/100 g, and AUC was 0.669 (95% CI: 0.575–0.763, sensitivity: 70.7% specificity: 62.5%). The VD cutoff values for the macular and peripapillary areas for the diagnosis of PDR were 12.45 and 15.70 [AUC: 0.734 (95% CI: 0.622–0.845, P < 0.001), AUC: 0.738 (95% CI: 0.625–0.850, P < 0.001), respectively]. The PD cutoff values for the macular and peripapillary areas for the diagnosis of PDR were 0.338 and 0.389 [AUC: 0.732 (95% CI: 0.619–0.844, P < 0.001) AUC: 0.716 (95% CI: 0.596–0.835, P < 0.001), respectively]. The AUC of combined BF for RCP (PLD = 1.5 s) and macular VD was 0.828 (95% CI: 0.738–0.918, P < 0.001 sensitivity: 77.5% specificity: 74.3%). The AUC of combined BF for RCP (PLD = 1.5 s) and peripapillary VD was 0.841 (95% CI: 0.753–0.928, P < 0.001, sensitivity: 75.9% specificity: 82.9%; Table 5, Figure 3).


Table 5. The AUC and cutoff values of BF, VD, and PD for the differential diagnosis of PDR.
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FIGURE 3. ROC curves for distinguishing PDR from NPDR. (A) ROC curves of the BF of RCP/ONH/ON that were measured by ASL. (B) ROC curves of the VD/PD of the macular/peripapillary areas that were measured by OCTA. (C) ROC curves of the RCP (PLD = 1.5 s) BF combined with peripapillary VD.





DISCUSSION

Here, we detected BF within the RCP, ON, and cerebrum in different stages of DR using multi-PLD 3D-pCASL, and measured the VD/PD of SCL in the macular and peripapillary areas using OCTA.

As DR progresses, we found that BF of the RCP and ONH significantly decreases at 1.5 s PLD, and BF of the ON decreases at both 1.5 and 2.5 s PLDs. We also found that BF of the ON in PDR patients with severe visual impairment was much lower at 2.5 s PLD. Hypoperfusion in the ocular and ON were risk factors for the development of PDR. Furthermore, the decreased BF of RCP/ONH/ON, and the decreased VD/PD of SCP in both the macular and peripapillary areas indicated more advantage stage of DR. BF of the RCP had the highest diagnostic efficiency at 1.5 s PLD, followed by ON at 2.5 s PLD in PDR patients. The two non-invasive methods combined had higher AUC, sensitivity, and specificity in diagnosing PDR than either method alone.

Interestingly, as DR progressed, both cerebral blood flow (CBF) and ocular blood flow decreased. The cerebrum may play a key role in vision formation and transmission. Previous studies (23, 24) have demonstrated that vision impairment causes reductions in cerebral BF, as well as functional changes, especially in vision-related areas such as the TL and occipital lobe (OL). However, other studies (25, 26) have found increased CBF in visually impaired patients. In our research, the RCP BF had a positive correlation with TL and OL BF at both PLDs. CBF had a decreasing trend with DR severity, but there was no statistical difference between PDR and NPDR groups. A possible explanation for this finding is that ocular adjustment and adaptation in DR can trigger a compensatory process that increases blood perfusion within the visual cortex.

One impact of DR is that normal retinal vascular autoregulation is disturbed. Vasoconstriction, provoked by protein kinase C or renin-angiotensin (27), ultimately leads to capillary occlusion and tissue hypoperfusion, or even non-perfusion. Neuronal dysfunction in DR may appear earlier than microvascular lesions, and DR may progress to advanced stages without producing any immediate symptoms. Thus, it is critical to determine appropriate intervention points, as well as to determine whether further invasive treatment methods would be able to prevent vision loss in DR patients. Current methods classify DR using fundus photography (28, 29) on the basis of the severity of certain clinical hallmarks (i.e., microaneurysms, capillary non-perfusion, leakage, and neovascularization). However, the fluorescein dye used in this process may lead to nausea, vomiting, itching, urticaria, and even anaphylaxis (6), and is unable to be used in vulnerable patients populations– including the elderly, children, patients with difficult venous access, and patients with renal insufficiency. Furthermore, FA detects only ~30% of the total retinal surface area (5). Other previous methods used to examine DR progression (30) include measuring ocular blood flow in different stages of DR by fundus photography, Doppler velocimetry, the blue field entoptic technique, and pneumotonometry. Using the Doppler device, Cuypers (8) and Nagaoka and Schocket et al. (7, 12) found that RCP BF was lower in PDR than in NPDR patients.

Other research groups have used ASL perfusion MRI to estimate CBF (31). With ASL, BF can be measured quantitatively in units of mL/min/100 g. The ASL technique is superior to existing perfusion imaging techniques because it is generally more sensitive to smaller vessels. It has a larger field of view with no depth limitations (32–34), meaning that BF in the back of the ocular field can be fully evaluated. Using ASL blood-flow MRI, Eric R (18) found that, in a mouse model of diabetes, reduced choroid and retinal ocular BF was an indicator of DR. Peng and Zhang (19, 34) were the first to investigate the feasibility of ASL to measure BF in the normal human retina. As a recently developed ASL technique, pCASL uses high sensitivity array coils, high SNR, and tagging efficiency to overcome the limitations of PASL and CASL. Further, 3D-pCASL is recommended in clinical studies (35, 36).

OCTA is another alternative non-invasive method that has been widely used in DR patients. It utilizes the motion of erythrocytes to detect BF in the retinal capillaries and potentially provides insights into retinal pathophysiology. Several researchers have detected microvascular details and capillary changes in DR patients (20, 21, 37–40). Hwang et al. (21) found VD and perifoveal PD were significantly reduced in the more advanced stages of DR (41, 42). Our study showed that VD and PD of both macular and peripapillary areas in PDR patients were reduced compared to NPDR patients.

Various forms of diabetic optic neuropathy can also accompany the progression of DR, and can eventually threaten vision (43). The optic nerve is impacted by impaired ocular microcirculation in DR. ONH perfusion can be measured by OCTA, but few techniques are available for the optic nerve because of its deep location. Here, we successfully quantified ON BF using a 3D-pCASL technique that has a large field of view without depth limitations. Perfusion of the ON was lower in PDR than NPDR eyes, and even worse in PDR eyes with low visual acuity.



CONCLUSION

Our findings suggest that multi-PLD 3D-pcASL and OCTA offer non-invasive, replicable, and highly diagnostically efficient methods for tracking perfusion changes in the RCP and ON. They may also be reliable techniques to assist in categorizing DR stage and monitoring disease progression.



LIMITATIONS

Our study utilized a retrospective design and was limited to a single center and absence of control group. Stringent inclusion criteria also limited our sample size to 132 eyes, which may have underpowered some aspects of the study. Due to the retrospective nature of the study, we could not achieve uniform ASL acquisition at a set time point. There could also have been a delay between symptoms and inclusion in the study. Additionally, an admission rate bias for patients in whom ASL was performed may have prevented us from having patients with comparable illness severity. The possibility of a measurement bias for imaging is also possible whenever manual measurements are used.
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Background: Research into Alzheimer’s disease has shifted toward the identification of minimally invasive and less time-consuming modalities to define preclinical stages of Alzheimer’s disease.

Method: Here, we propose visuomotor network dysfunctions as a potential biomarker in AD and its prodromal stage, mild cognitive impairment with underlying the Alzheimer’s disease pathology. The functionality of this network was tested in terms of timing, accuracy, and speed with goal-directed eye-hand tasks. The predictive power was determined by comparing the classification performance of a zero-rule algorithm (baseline), a decision tree, a support vector machine, and a neural network using functional parameters to classify controls without cognitive disorders, mild cognitive impaired patients, and Alzheimer’s disease patients.

Results: Fair to good classification was achieved between controls and patients, controls and mild cognitive impaired patients, and between controls and Alzheimer’s disease patients with the support vector machine (77–82% accuracy, 57–93% sensitivity, 63–90% specificity, 0.74–0.78 area under the curve). Classification between mild cognitive impaired patients and Alzheimer’s disease patients was poor, as no algorithm outperformed the baseline (63% accuracy, 0% sensitivity, 100% specificity, 0.50 area under the curve).

Comparison with Existing Method(s): The classification performance found in the present study is comparable to that of the existing CSF and MRI biomarkers.

Conclusion: The data suggest that visuomotor network dysfunctions have potential in biomarker research and the proposed eye-hand tasks could add to existing tests to form a clear definition of the preclinical phenotype of AD.

Keywords: visuomotor integration, neurodegeneration, eye-hand coordination, biomarker, preclinical AD


INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenerative disease. It is characterized by progressive cognitive decline. It is estimated that it affects 44 million people worldwide (Patterson, 2018). Despite the many attempts to find a cure for AD, no disease-modifying treatment has been developed (Au et al., 2015). Some suggest that experimental treatments were administered too late in the course of the disease (Sperling et al., 2011). Instead, optimal treatment would be achieved in the preclinical stage of AD (Sperling et al., 2011), when pathophysiological changes are already occurring, but no clinical symptoms—such as memory loss—have manifested (Jack et al., 2011). In clinical practice, it is impossible to accurately diagnose patients in the preclinical stage: in fact, a definitive diagnosis can only be established post-mortem (Au et al., 2015). Biomarkers, such as cerebrospinal fluid (CSF) analysis and neuroimaging techniques, are one of the most promising methods for detecting preclinical AD (Barber, 2010). Yet, to date, no biomarker has been identified at the start of the pathophysiological processes of AD, that also has a strong link with the later emergence of AD’s clinical symptoms (Sperling et al., 2011). In addition, given the suboptimal sensitivity and specificity of CSF and structural neuroimaging markers, their use is mostly restricted to research settings (Almeida, 2002; De Leon et al., 2004; Schmand et al., 2010; Ritchie et al., 2015; Jack et al.). Another problem is the heterogeneous nature of AD: a certain level of a biomarker may be detected in some people, even though they will never develop AD, while the same biomarker level might not be detected in people who did develop AD (Au et al., 2015). For these reasons, AD is still primarily diagnosed on clinical grounds (Salimi et al., 2018) and consequently, most patients are not diagnosed until they have progressed to late stages of AD (Barber, 2010).

Recent studies have indicated that multiple functional networks throughout the entire brain are already affected by neurodegeneration in early stage AD (Seeley et al., 2009; Barber, 2010). For instance, there is not only damage to the hippocampus, a structure that is classically associated with the memory impairments in AD, but functional imaging studies showed that other areas, for example in the frontal and parietal lobe, also atrophied (Burnod et al., 1999; Jacobs et al., 2012). This atrophy damages several important networks in the brain: the visuomotor network is one such important function brain network. This network receives visual and proprioceptive sensory to compute motor control signals. The planning and executing of the tasks at hand rely on feedback and feedforward mechanisms through visual, motor, parietal, and frontal cortices (Ledberg et al., 2007) in a dynamic manner (Brovelli et al., 2017). The functionality of the visuomotor network can be quantified in terms of timing, accuracy, and speed of eye and hand movements when performing goal-directed tasks. Consequently, impairments in visuomotor functioning due to underlying neurodegenerative damage could be a marker of early or even preclinical AD and a valuable addition to existing markers (de Boer et al., 2016; Salimi et al., 2018). Several studies support this hypothesis: for instance, it was found that the initiation of saccades was slowed (Molitor et al., 2015; de Boer et al., 2016) and that the initiation and execution of motor sequences was impaired (Salek et al., 2011; de Boer et al., 2016) in AD and MCI patients compared to healthy elderly. Furthermore, visuomotor functioning has the benefit of being easy and quick to measure, compared to existing markers, which are often more time-consuming (i.e., structural neuroimaging) or invasive (i.e., CSF). However, although aforementioned studies show a relation, much is still unclear about the added value of visuomotor performance for network degeneration and the sensitivity and specificity of the method. We aimed to study the predictive value of visuomotor performance by measuring several visuomotor parameters, such as the time needed to move the eyes or the hand to a target. Because only one parameter is not sufficient for a classification (Crawford, 2015), a combination of parameters with high predictive power were analyzed using machine learning. This is a promising method, as it can reduce a large dataset to a small subset of meaningful features using feature selection methods (Sarica et al., 2018). Thus, machine learning provides insight in the clinical relevance (i.e., what visuomotor parameters add to existing markers) of visuomotor performance on the basis of multiple parameters. A first step toward establishing the predictive value was taken by Lagun et al. (2011), who showed that classification algorithm trained on separating healthy elderly and AD patients could distinguish between healthy elderly and MCI patients based on their eye movements, with an accuracy of 87%.

The aim of the present study was to examine whether visuomotor functioning, in terms of both eye and hand movements, can be a potential new biomarker. We also examined whether there was additional predictive value in using eye-hand coordination parameters over just using eye movement parameters (as in Lagun et al., 2011). To this end, we evaluated the performance of several classification algorithms when classifying controls, MCI, AD and consequently determining the predictive power of visuomotor functioning with only eye movements, or both eye and hand movements.



MATERIALS AND METHODS


Participants

Participants were included from June 2010 to January 2018. This study was approved by the Medical Ethical Committee of the Erasmus MC Rotterdam (MEC-2008-365 and MEC 2012-524). Data collected until 2015 were previously published by Verheij et al. (2012) and de Boer et al. (2016). Patients were independently diagnosed using a standardized diagnostic procedure carried out by a panel of specialists from the departments of Geriatrics, Neurology, and Psychiatry from the Erasmus Medical Centre. AD subjects met the standard criteria for probable AD (NINCDS-ADRDA) and were considered to be in early stages of the disease. The clinical diagnosis of MCI and AD was based on patient history, laboratory findings, and imaging results. Family members or caregivers of the patients were recruited as healthy elderly controls. Subjects were excluded if their mini-mental state examination (MMSE) (Folstein et al., 1975) score was below 21/30, if they displayed neurological or psychiatric disorders (excluding cognitive decline related to the diagnosis), or if they had motor or ocular pathologies which rendered them unable to touch or see stimuli (unless eyesight could be corrected). The use of acetylcholinesterase inhibitors was permitted. A written informed consent was obtained from all subjects. All collected data were stored in a database.



Measurement Setup

Eye hand tasks were presented on a 32-inch touchscreen (ELO touch systems). Eye movements were recorded with a head-mounted video infrared eye-tracking system. We used to systems: Chronos, Chronos Vision, Berlin, sampling rate of 200Hz, the EyeSeeCam system, which replaced the Chronos system in 2017 (EyeSeeTec GmbH, Munich, Germany, sampling rate of 220 Hz, resampled to 200 Hz so that the same code could be used to analyze EyeSeeCam and Chronos data). Both systems used pupil detection software. Chronos recorded gaze data of both eyes, whereas EyeSeeCam recorded the gaze data of the left eye. Hand movements were recorded by an infrared motion capture system (Vicon, Vicon Motion, Oxford, sampling rate 200 Hz). Subjects wore a glove with four markers on the dominant hand, which reflected infrared light back to 4 cameras to follow hand movements. All systems were synchronized using a trigger controlled by MATLAB R2017a (MathWorks, Natick, MA). The set-up is illustrated in Supplementary Figure 1.



Experimental Procedures

All participants were tested at the department of Neuroscience of the Erasmus Medical Centre. Each participant completed a MMSE to assess general cognitive functioning. Subjects were seated at 60 cm distance from the touchscreen using a chin rest. Eye and hand position were calibrated with a 5-point calibration scheme. Verbal instructions were given and subjects were asked to act as quickly and accurately as possible. Subjects performed eight different tasks, three eye tasks, see Supplementary Figure 2, top panel and 5 eye-hand tasks, see Supplementary Figure 2, bottom panel. The location of the presented stimuli was randomized across the screen. Data from the following tasks were selected from the database when available:


(1) Reflex tasks: assessment of reflexive eye movements (pro-saccade task) and eye/hand movements (pro-tapping task).

(2) Inhibition tasks: assessment of inhibitory eye movements (anti-saccade task) and eye/hand tasks (anti-saccade anti-tapping task and anti-tapping task).

(3) Memory tasks: assessment of short-term memory eye movements (memory-saccade task) and eye/hand movements (memory-tapping task and sequential-tapping task).



Each task started with three practice trials, followed by eight measurement trials. First, the eye tasks were presented, followed by the eye-hand tasks. The tasks that involved hand movement were executed with the index finger of the dominant hand. Between 2010 and 2018, different protocols have been applied. Thus not every participant underwent each task. In Supplementary Table 1, an overview is presented of the number of participants per group who completed a given task. Supplementary Figure 3 represents a typical example of eye and hand traces. Data were pre-processed using custom MATLAB code. The following parameters were calculated for eye movements:


- Eye latency: time between target stimulus presentation and eye movement initiation

- Eye maximum velocity: maximum eye movement velocity during the primary saccade.

- Eye error: difference in degrees between target position and final eye position.

- Saccadic amplitude: amplitude of the primary saccade divided by target amplitude.

- Number of saccades: number of saccades made during the trial.



The following parameters were calculated for hand movements:


- Hand latency: time between target stimulus presentation and release of the touchscreen.

- Hand maximum velocity: maximum hand velocity during the hand movement.

- Hand error: difference in degrees between target position and final hand position.

- Hand execution time: time between releasing (click-up) and touching (click-down) the touchscreen.

- Eye hand interval: time between the initiation of the eye and the click-up.

- Eye touch interval: time between the initiation of the eye movement and the click-down.

- Hand total distance: total distance bridged by the hand movement during the trial.

- Amplitude Click-up Click-down: hand movement amplitude between the first click-up and click-down divided by target amplitude.



Finally, several parameters were calculated from the eye trace to quantify pupil characteristics (Wang and Munoz, 2015):


- Pupil peak: maximum pupil dilation between target onset and the primary saccade.

- Pupil latency: time from target onset until maximum pupil dilation occurs.

- Pupil baseline: mean pupil dilation during the fixation period.



Additionally, anticipation (measure of whether the eye movement toward the first and second stimuli preceded the hand movement toward the same stimulus) was calculated for the sequential-tapping task. Finally, a measure of task performance was computed for each task, based on the number of correct trials (all correctly performed trials) divided by the number of valid trials (all trials that could be analyzed). Trials that had not been recorded correctly (invalid trials) were excluded.



Data Handling

Data from the memory saccade task were excluded because data was collected from too few participants. Outliers—defined as data points that were more than two standard deviations removed from the group mean—were excluded per trial per subject. When eye latency, hand latency, or pupil latency were outliers, the eye, hand, or pupil parameters were all removed, because outliers in these parameters often indicated faulty measurements. In other cases, only the parameter that was an outlier was removed. On average, 4.26% of all data points (SD = 2.65%, range: 0–11.99%) were excluded as outliers. Any missing value was marked as “not a number.” Lastly, data were standardized with z-scores within the external cross-validation procedure to prevent data leakage. The final dataset consisted of 96 subject instances where each instance contained 77 functional parameters and one nominal variable, which indicated the subject’s group. The dataset was prepared for classification in WEKA 3.8 (WEKA, University of Waikato, New-Zealand). A Zero rule algorithm was used as baseline (ZeroR in WEKA). This algorithm predicts that every subject is part of the largest group in the dataset. The performance of three supervised algorithms was compared to this baseline:


1. Support vector machine (SVM) (Cortes and Vapnik, 1995): a linear classifier which separates groups at the point where the distance between the groups is the greatest by drawing a hyperplane. SVMs use the kernel trick (Shawe-Taylor and Cristianini, 2004) to perform non-linear classification: data are transformed, using a mapping function (defined by the kernel), to a high-dimensional space where a linear hyperplane can be found. When this hyperplane is transformed back to 2-dimensional space, it will become a non-linear separator. A drawback of the kernel trick is that the most effective type of kernel is not known beforehand, making it necessary to test multiple kernels (LibSVM function in WEKA). The SVM was chosen in this study so a direct comparison could be made with Lagun et al.’s study (2011), who looked at the value of eye movement parameters for distinguishing between healthy controls and MCI or AD patients. Furthermore, SVMs are fast to train and are flexible because different kernels can be included in the model. We included a variety of kernels (radial basis function kernel, polynomial kernel, sigmoid kernel, linear kernel) to accommodate potential differences in data structures and to compare the performance of simple and high dimensional kernels. Although better performance might be expected from higher dimensional kernels, simpler kernels save time and processing power: therefore, there is value in comparing the performance of simpler kernels to higher dimensional kernels.

2. Decision tree (Breiman et al., 1984): a simple algorithm that splits the dataset into smaller partitions until it can correctly classify most instances. For each split, the parameter that would provide the best separation between groups at that point is chosen. The decision tree was selected because it is a simple, easily interpretable, and computationally inexpensive algorithm that gives immediate insight in the parameters and weights used for classification (J48 algorithm in WEKA).

3. Artificial neural network (ANN) (Schmidhuber, 2015): the algorithm creates a network of hidden nodes, with differing weights, which are activated or deactivated depending on the input they receive. The activation pattern of all nodes is transformed into the predicted class for the subject. The ANN is a very flexible algorithm, that performs well on complex problems (multilayer perceptron in WEKA). ANNs are also suitable to handling multiclass problems, which the SVM does not readily lend itself for.



We selected these three models for comparison and to find the model with the best performance and the easiest implementation. For example, the ANN is expected to do well because it is tailored to complex problems, but it is computationally heavy and takes a long time to train. Therefore, if a decision tree or SVM could achieve similar performance, these types of algorithms would be preferred in practice. This is especially true for the decision tree, as this algorithm gives complete insight in which features are used. However, since the decision tree has more trouble with complex problems, we also included the SVM as the middle road.

Figure 1 represents a flow chart of the steps that were involved to convert the data into the final model including:
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FIGURE 1. Flowchart of the classification process.



Feature Selection

Feature selection was performed for all dataset views to identify the functional variables that would be most meaningful for classification and additionally, to prevent model overfitting by reducing the number of features that the ANN would be trained on. Additionally, we performed significance tests in SPSS 24 (IBM SPSS, Chicago, United States) to verify whether the selected variables could meaningfully separate the groups. Normality was tested for each selected variable using the Shapiro-Wilk test. For normally distributed data, two-tailed t-tests were performed and Cohen’s d was calculated as a measure of effect size. For non-normally distributed data, a non-parametric Mann-Whitney U-test was performed and r-squared was calculated as a measure of effect size (Rosenthal et al., 1994). One variable (Anticipation) recorded the number of trials that the subject anticipated a stimulus in the sequential-tapping task and therefore, a chi-square test was performed. Phi was taken as a measure of effect size. The significance level for all tests was α = 0.05. Exact p-values were reported, unless p < 0.001.

To gain insight in the parameters used by models other than the ANN, we performed post hoc feature selection in WEKA using the most successful classifier with the same hyperparameter settings on the HC-controls, HC-MCI, HC-AD, and MCI-AD comparisons. This method returned the merit of a parameter and ranked them from most to least merit. Parameters were selected if their merit was > 0.01.



Hyper-Parameter Selection

Cross-validated parameter selection was performed to optimize each model’s hyper-parameters. Hyper-parameters influence the learning process of a model. For parameter selection, the hyper-parameters were varied over a pre-established range. All trained instances were compared and the hyper-parameters of the instance with the highest accuracy were chosen. The hyper-parameter that was specified first was optimized first and with that optimal value, the second hyper-parameter was optimized. Optimization was internally cross-validated 10 times. Specifically, for the ANN we optimized learning rate and momentum (ranges: 0.0001–1); for the decision tree we optimized the confidence factor (range: 0.1–0.9) and the minimum number of objects (range: 1–10); and for the SVM we optimized the cost and the gamma (ranges: 0.0001–1).



Model Training

Eight optimized models were trained for each dataset view: one decision tree, three ANNs with one hidden layer with 2, 4, or 6 hidden neurons, and four SVMs with different kernels (radial basis function kernel, polynomial kernel, sigmoid kernel, linear kernel). Model training was performed in WEKA with 10-fold cross-validation. The model training was repeated 10 times in order to achieve more robust results.


Model Evaluation

Classification performance was assessed based on accuracy (correctly classified data points/total data points), sensitivity (data points correctly classified as positives/total data points classified as positives), specificity (data points correctly classified as negatives/total data points classified as negatives), and area under the curve (AUC, measure of classification accuracy, independent of class distribution). These outcome measures were averaged across the 100 repetitions and reported as the final performance estimates. Per dataset view, the model that scored the highest on most performance metrics, as determined with a one-way analysis of variance (ANOVA), was selected as the “best performing model.” When there was no significant difference in performance between models (α = 0.05), models with a higher sensitivity were preferred, because it is more important to correctly classify patients. The performance of the “best performing model” was assessed using the following rules of thumb. These rules did not apply to the baseline algorithm, which was considered to be a poor performer in all cases because of its strategy. Thus, algorithms that performed similarly to the baseline were also considered poor performers.



Learning Curves

We generated learning curves in WEKA to assess whether sample size was sufficient. Learning curves are used to indicate how much data a model needs to be trained on to achieve a good performance (Figueroa et al., 2012). The curves were generated by plotting model accuracy against sample size. Sample size was manipulated by training the algorithm on a fraction of the total dataset (starting at 10%), which was increased by 10% until the complete dataset was used. Typically, a learning curve that indicates a sufficient sample size first shows a rapid increase in performance, followed by a turning point where the performance increase slows. The last part of the curve is flat and indicates that performance will not improve further, even if sample size is increased (Figueroa et al., 2012).



RESULTS

In total, 96 subjects were selected from the database. Table 1 provides an overview of the demographics of these subjects. 21 MCI patients were diagnosed with MCI due to Alzheimer’s disease and 1 was diagnosed with MCI or early stage dementia. The mean age of all subjects was 74.9 years (SD = 6.15) and the mean MMSE score was 25 (SD = 4.01). A one-way ANOVA showed no differences between groups in age [F(2, 91) = 1.097, p = 0.338] and a difference in MMSE scores between groups [F(2, 83) = 23.37, p < 0.001]. Post hoc tests, corrected for multiple comparisons with a Bonferroni correction, showed that the mean MMSE scores of the controls were higher than of the MCI patients (p < 0.001) or the AD patients (p < 0.001). Figures 2–5 give an overview of the raw performance data of each group (Figure 2: eye latency; Figure 3: hand latency, and hand error; Figure 4; pupil latency; Figure 5: performance).


TABLE 1. Subject demographics.
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FIGURE 2. Mean performance on eye latency for all groups, on all tasks. Error bars represent standard error. MCI*: MCI group was excluded because of insufficient data (N = 3).
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FIGURE 3. Mean performance on hand latency and hand error for all groups, on all tasks. Error bars represent standard error. Significant differences for the anti-saccade anti-tapping task indicate differences for hand error; other indicated differences are for hand latency. Significant differences were indicated with ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. MCI∗: MCI group was excluded because of insufficient data (N = 3).
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FIGURE 4. Mean performance on pupil latency for all groups. Error bars represent standard error. Significant differences were indicated with ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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FIGURE 5. Mean weighted performance over all trials for all groups, on all tasks. Error bars represent standard error. Significant differences were indicated with ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. MCI*: MCI group was excluded because of insufficient data (N = 3).



Feature Selection

Table 2 presents the information gain (if selected for the ANN) or merit (if selected by the SVM) and the results of the significance tests for each selected variable. The variables are divided per task to provide better insight in the importance of each task. For illustration purposes, we chose to present the results of the significance tests only for the HC and patients (both MCI and AD) dataset. All selected variables differed significantly between the control group and the aggregated patient group and most of the variables showed medium to very large effect sizes (Cohen, 1988). To give an indication of the similarities between the selected variables between datasets the feature selection results for the controls—MCI, controls—AD, and MCI—AD datasets, using all parameters are presented in Table 2. Table 3 reports the descriptive statistics of the functional variables that were selected based on their information gain (gain > 0), except for the variables that were only selected for the MCI—AD dataset, as these variables did not provide sufficient predictive power to classify MCI and AD patients.


TABLE 2. The feature selection results, ranked by IG and merit, for the HC—MCI, HC—AD, and MCI—AD datasets.
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TABLE 3. Descriptive statistics of the most important parameters per task.
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Predictive Power: Controls vs. Patients

Table 4 displays the performance of all algorithms on the controls and patients dataset. The baseline algorithm achieved a sensitivity of 100% and a specificity of 0%, because it predicted all subjects were patients. Whether sensitivity or specificity was 100% depended on which group was the largest, as the baseline algorithm predicted that all instances were part of the largest group. To assess which algorithm performed the best, a one-way ANOVA was performed for each performance metric. For all metrics, the mean performance of the tested algorithms differed significantly [accuracy: F(8, 891) = 47.41, p < 0.001, partial η2 = 0.30; sensitivity: F(8, 891) = 85.96, p < 0.001, partial η2 = 0.44; specificity: F(8, 891) = 139.08, p < 0.001, partial η2 = 0.56; AUC: F(8, 891) = 83.40, p < 0.001, partial η2 = 0.43]. Additional post hoc tests revealed that the SVM (linear kernel) had the best accuracy, the SVM (sigmoid) the best sensitivity, the SVM (linear) the best specificity and the decision tree had the best AUC. Overall, the SVM (linear) performed best or amongst the best on all metrics and it achieved a good classification. The confusion matrix of this algorithm is shown in Table 5.


TABLE 4. Performance of all algorithms for the classification of controls and patients, ordered by descending accuracy per algorithm class.
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TABLE 5. Confusion matrix for the performance of the SVM (linear) for the controls-patients comparison.
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Predictive Power: Controls vs. MCI/AD and MCI vs. AD


Control vs. MCI

The means differed significantly for all metrics [accuracy: F(8, 891) = 19.49, p < 0.001, partial η2 = 0.15; sensitivity: F(8, 891) = 77.10, p < 0.001, partial η2 = 0.41; specificity: F(8, 891) = 70.05, p < 0.001, partial η2 = 0.39; AUC: F(8, 891) = 31.91, p < 0.001, partial η2 = 0.22]. Post hoc analyses, corrected for multiple comparisons using the Bonferroni test, indicated that the SVM (linear) was the best performing algorithm on all metrics (see also Table 6).


TABLE 6. Performance of the best performing algorithm, with hyperparameter selection results, for the classification of controls and MCI Patients, controls and AD Patients, and MCI Patients and AD patients with all data and separately for eye tasks and eye-hand tasks.
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Control vs. AD

The means differed significantly for all metrics [accuracy: F(8, 891) = 45.07, p < 0.001, partial η2 = 0.29; sensitivity: F(8, 891) = 19.15, p < 0.001, partial η2 = 0.15; specificity: F(8, 891) = 4.59, p < 0.001, partial η2 = 0.04; AUC: F(8, 891) = 38.68, p < 0.001, partial η2 = 0.26]. Post hoc analyses, using the Bonferroni test, indicated that the SVM (linear) was the best performing algorithm on accuracy; on the other metrics, all algorithms performed similarly, except the baseline algorithm and the SVM (sigmoid), which performed worse.



MCI vs. AD

the means differed significantly for all metrics [accuracy: F(8, 891) = 5.55, p < 0.001, partial η2 = 0.05; sensitivity: F(8, 891) = 53.30, p < 0.001, partial η2 = 0.32; specificity: F(8, 891) = 71.40, p < 0.001, partial η2 = 0.39; AUC: F(8, 891) = 24.82, p < 0.001, partial η2 = 0.18]. Post hoc analyses, using the Bonferroni test, indicated that the ANN (6 neurons) performed best on sensitivity, and AUC. On accuracy, the ANN did not outperform the baseline algorithm. On specificity, the ANN was outperformed because algorithms behaving like the baseline algorithm showed 100% specificity. These algorithms were disregarded, leaving the ANN (6 neurons) as the algorithm with the highest sensitivity.

The confusion matrices of these comparisons are shown in Table 7.


TABLE 7. Confusion matrices of the SVM (linear) for the controls and MCI patients classification and the controls and AD patients classification, and the ANN (6 neurons) for the MCI patients and AD patients classification.
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Learning Curves

Figure 6 shows the learning curves generated for all datasets, using the accuracy of the best performing algorithm plotted against sample size. The learning curves for the controls and patients, controls and MCI patients, and controls and AD patients show the initial large increase in accuracy and the turning point where this increase slows. The final phase, where performance plateaus, was not achieved. The learning curve for the MCI and AD dataset displayed only a marginal increase in performance, indicating that the algorithm learned minimally from the EHC parameters.
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FIGURE 6. Learning curves for the healthy controls (HC) and the Alzheimer’s Disease (AD) patients and the Mild Cognitive Impairment (MCI) patients. The SVM (linear) for the HC—patients, HC—MCI, and HC—AD are plotted and of the ANN (6 neurons) the MCI—AD dataset is plotted.




Predictive Power: Eye Parameters vs. Eye-Hand Parameters

The best performing algorithm for each comparison was trained on one dataset containing all data from the eye tasks and one dataset containing all data from eye-hand tasks. Classification performance was examined for the HC and MCI and the HC and AD datasets. The HC and the patient’s dataset was disregarded because we aimed to directly examine classification separately for the patient groups. The MCI and AD dataset was disregarded because classification failed using all EHC parameters, which indicated that classification would also fail on the splitted datasets. A one-way ANOVA was performed on all metrics to compare classification performance on the split datasets (significance level α = 0.05). The difference in performance was taken as the additional predictive value of eye-hand tasks. Table 4 reports the performance of the SVM (linear) on the split datasets, with the performance of the baseline for reference.


Control vs. MCI

Classification based on eye-hand tasks outperformed classification based on eye tasks on accuracy, sensitivity, and AUC [accuracy: F(1, 198) = 48.69, p < 0.001, partial η2 = 0.20; sensitivity: F(1, 198) = 300.03, p < 0.001, partial η2 = 0.60; AUC: F(1, 198) = 129.28, p < 0.001, partial η2 = 0.40]. Classification based on eye tasks performed better on specificity [F(1, 198) = 51.62, p < 0.001, partial η2 = 0.21]; however, the confusion matrix of this algorithm (Table 8) suggests that it performed similarly to the baseline and only had a high specificity at the expense of the sensitivity. Therefore, classification based on eye-hand tasks was considered superior on all metrics.


TABLE 8. Confusion matrix of the SVM (linear) for the HC and MCI patients and the HC and AD patients classification using only eye tasks.
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Control vs. AD

Classification based on eye-hand tasks outperformed classification based on eye tasks on accuracy, sensitivity, and AUC [accuracy: F(1, 198) = 36.32, p < 0.001, partial η2 = 0.16; sensitivity: F(1, 198) = 104.42, p < 0.001, partial η2 = 0.35; AUC: F(1, 198) = 36.41, p < 0.001, partial η2 = 0.16]. Classification based on eye tasks performed better on specificity [F(1, 198) = 26.70, p < 0.001, partial η2 = 0.12]; however, the confusion matrix of this algorithm (Table 8) suggests that the high specificity and lower sensitivity followed the pattern of the baseline algorithm. Therefore, classification based on eye-hand tasks was considered superior on all metrics.



DISCUSSION

In the present study, the functional consequences of neurodegeneration on the visuomotor network have primarily been assessed in both patients with AD and in patients with mild cognitive impairments using eye-hand coordination (EHC) tasks. The aim of this study was to establish the predictive value of EHC for network dysfunction and the sensitivity and the specificity of this method. This predictive power depended on the predictive power of the individual parameters that constitute visuomotor performance, such as the timing, accuracy and speed of movements. An accuracy of 87% was found using a classification algorithm that distinguished between healthy elderly and MCI patients, based on only eye movement parameters (Lagun et al., 2011). In the present study, a combination of eye and hand movements parameters were obtained, because AD patients seem to have difficulties with handling increased load (Toepper, 2017). As expected, the best classification performance was achieved for HC and AD patients, followed by HC and all patients, and finally HC and MCI patients. The eye-hand task parameters, in comparison with only eye movement parameters, were shown to contribute most to classification performance for all comparisons (Tables 2, 4). Based on the eye tasks, we found a reduction in predictive power of ± 12%. This indeed suggests that an increase in cognitive load contributes to the best classification of controls and either patient group.

The predictive power of visuomotor performance was determined by several parameters that were selected during the feature selection procedure using the best performing model for each comparison, to gain insight in the parameters that were most useful for classification (Tables 2, 4). The parameters with the most merit for classification primarily came from the reflexive tapping task and from the inhibition tapping task, contributing to the hypothesis that adding hand movement to the tasks increases their predictive value. In particular, parameters related to latency (time between target presentation and movement initiation), parameters that characterize hand movement (e.g., hand total distance, hand maximum velocity, hand movement time, hand error), and the number of saccades were the most useful information for classification. Several of these parameters have also been described in previous EHC studies (Molitor et al., 2015). For instance, the finding that reflexive saccades made by AD patients are often hypometric is comparable to the parameter saccadic error (the distance between the end position of a saccade and the actual target position) which was selected in this study. Another example is the increased latency of eye movements when executing the anti-saccade task. Furthermore, it was found that the initiation and execution of motor sequences were impaired in AD patients and in MCI patients when cognitive load was increased (Salek et al., 2011). We detected a similar impairment in our patient group, represented by the parameter from the pro-tapping task. The remaining selected parameters (Table 2 and Supplementary Table 2) in the current study could not be related to previous literature, as studies into visuomotor performance in MCI and AD patients are scarce. However, the similarities discussed here do support the results of the feature selection procedure and provide additional evidence that these specific tasks and parameters contribute to the predictive power.

Considering our findings, visuomotor performance appears as a promising approach to distinguish MCI or early stage AD patients from controls. Yet, it must also be compared to existing biomarkers to determine its clinical relevance. The findings of the current study were compared to a recent overview of studies that examined the performance of CSF and neuroimaging markers for the classification of controls, MCI patients, and AD patients (Figure 7; Henriques et al., 2018). Overall, the classification performance found in the present study seems comparable to that of the existing CSF and MRI biomarkers. Unfortunately, our findings are also similar in that neither visuomotor performance nor CSF markers are particularly successful in distinguishing between MCI patients and AD patients. Although the CSF marker classification achieved a fair AUC, sensitivity remained insufficient. In summary, visuomotor performance can compare to the existing biomarkers, although the classification of MCI and AD patients remains challenging. Assessment of visuomotor performance offers some practical advantages: it is simple and quick to perform, non-invasive, and relatively cheap when compared to, for example, MRI scans.
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FIGURE 7. After Henriques et al. (2018). The classification performance of algorithms using CSF or MRI markers to classify HC, MCI patients, and AD patients, compared to classification performance using EHC parameters.


This study has several limitations. First, the predictive power of visuomotor performance, and thus its clinical relevance, depend on the tasks that are included in the eye-hand coordination protocol. Our current protocol focused on reflexive behaviors and inhibition and to a lesser extent on memory. The performance scores on the memory tasks were for a majority of the patients very low. Most of the patients failed to complete the memory tasks, indicating that subjects were too fatigued to properly perform these tasks at the end of the protocol, or that these tasks were not appropriate for this population. Still, memory tasks cannot be disregarded in general (Lagun et al., 2011). These tasks involve the recognition of a previously seen image, a function that relies on a temporal-parietal memory network (Hirose et al., 2013). Interestingly, this network can also be related to the parietal lobe damage that patients sustain in early stages of AD (Jacobs et al., 2012). Because early stage neurodegeneration damages the parietal lobe, this network would likely also be disrupted (Hirose et al., 2013). Therefore, a recognition task could be an adequate addition to our protocol. Previous literature also suggests that a smooth pursuit task might contribute to classification, as studies reported that AD patients showed increased latencies when they initiated smooth pursuit as compared to controls. Additionally, while following the target, patients showed a lower gain and velocity of eye movements, and because patients tended to lag behind the stimulus, they made more catch-up saccades (Molitor et al., 2015).

Second, we performed no power calculations before the study was conducted, because it was an exploratory study. Instead, we assessed sample size post hoc by generating learning curves (Figure 2). The learning curves for the SVM on the controls and patients, controls and MCI patients, and controls and AD patients datasets indicate that classification would likely have benefitted from an increased sample size, as the curves do not plateau. An increase in sample size could also benefit model stability: the standard deviations of the performance metrics are large and could indicate noisy data, which could be remedied by increasing sample size. However, the learning curves do reach a point where performance only continues to increase minimally. This indicates that a larger sample size would only have a small effect, as the model has learned most of the important patterns in the data. Therefore, we advise that future studies increase the sample size, as that would likely improve classification performance.

Furthermore, due to the relatively small sample size in this study, there was a discrepancy between the distribution of the control and the patient groups and the distribution of these groups in clinical practice. In our study, controls and AD patients made up an equal part of our sample, whereas in the clinic, most people would be patients: consequently, the group of controls would be relatively small. Even if groups of patients with other types of dementia would be included, 60–80% of the total patient group would still be an AD patient (Williams and First, 2013). This difference is important to keep in mind, because group distribution affects how a model classifies a subject. If almost all instances presented to a model are AD patients and not controls, the algorithm might learn that it can simply classify every subject as being part of the largest group, as it will still achieve a high accuracy. Such a strategy is useless for diagnosis and therefore, it would also be important for future studies to assess the classification models from this study in a more realistically distributed sample. Lastly, data on how subjects performed on conventional diagnostic methods and clinical information such as age of disease onset were unfortunately not available for the complete group of patients. This limits insights in for example how uniform the patient groups were and in which stage of the disease individual patients were. In future studies we recommend that this information is also collected.

As stated previously, early diagnosis is primarily hindered by the heterogeneity of AD, as some patients may show severe symptoms, but no abnormalities in biomarker measurements, or vice versa. As such, no single marker has been identified that can diagnose all cases of AD. It has recently been suggested that AD is not one disease, but a collection of subtypes (Au et al., 2015) that differ in their neuropathological and structural characteristics (Ferreira et al., 2017). The idea of subtypes with different underlying pathologies also gives rise to the hypothesis that an assay of biomarkers could be more useful for diagnosis than relying on a single biomarker, provided that each marker adds new information. For example, it was shown that MRI can complement the standard diagnostic procedure by distinguishing four types of AD using MRI scans, which could not be distinguished using routine cognitive evaluations or CSF analysis (Ferreira et al., 2017). Recent studies have also shown that combining existing biomarkers increases the predictive power beyond what the individual markers could achieve (Zhang et al., 2011; Henriques et al., 2018). Visuomotor performance could provide complementary information (i.e., about functional deficits in patients) in much the same way and when combined with the existing markers, it could further boost the predictive power for early stage AD. As such, testing of visuomotor network dysfunctions could potentially be added to the current diagnostic procedure.

Future research should aim to improve the classification performance of visuomotor network dysfunctions, by adding different types of tasks to develop an optimal protocol. Subsequently, it would be valuable to study whether visuomotor performance correlates with functional network degeneration as measured by neuroimaging techniques, as it is hypothesized to reflect network degeneration. If visuomotor performance can be related to neurodegeneration in this way, next steps should involve replicating the current results in different medical centers and in larger datasets, preferably with a realistic group distribution. Lastly, future research could investigate whether visuomotor functioning could also be a marker for other types of dementia. Neurodegeneration in other dementias also disrupts multiple pathways which are integral to good visuomotor functioning. For example, fronto-temporal dementias could be a valuable field of study, as the frontal lobe is also an important structure for visuomotor function (e.g., planning saccades).



CONCLUSION

Visuomotor network dysfunctions have potential in biomarker research and the proposed eye-hand tasks could add to a clear definition of the preclinical phenotype of AD.
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Background: The goal of this study was to relate diffusion MR measures of white matter integrity of the retinofugal visual pathway with prolactin levels in a patient with downward herniation of the optic chiasm secondary to medical treatment of a prolactinoma.

Methods: A 36-year-old woman with a prolactinoma presented with progressive bilateral visual field defects 9 years after initial diagnosis and medical treatment. She was diagnosed with empty-sella syndrome and instructed to stop cabergoline. Hormone testing was conducted in tandem with routine clinical evaluations over 1 year and the patient was followed with diffusion magnetic resonance imaging (dMRI), optical coherence tomography (OCT), and automated perimetry at three time points. Five healthy controls underwent a complementary battery of clinical and neuroimaging tests at a single time point.

Results: Shortly after discontinuing cabergoline, diffusion metrics in the optic tracts were within the range of values observed in healthy controls. However, following a brief period where the patient resumed cabergoline (of her own volition), there was a decrease in serum prolactin with a corresponding decrease in visual ability and increase in radial diffusivity (p < 0.001). Those measures again returned to their baseline ranges after discontinuing cabergoline a second time.

Conclusions: These results demonstrate the sensitivity of dMRI to detect rapid and functionally significant microstructural changes in white matter tracts secondary to alterations in serum prolactin levels. The inverse relations between prolactin and measures of white matter integrity and visual function are consistent with the hypothesis that prolactin can play a neuroprotective role in the injured nervous system.

Keywords: diffusion MRI, pituitary tumor, prolactin, optical coherence tomography, neuro-glial interactions, neuroprotection


INTRODUCTION

Crush and stretch injuries to the optic nerve, tract and chiasm in animals reveal that demyelination is a primary process in the progression of delayed axonal degeneration (1–4). Human studies looking at compression of the optic chiasm have confirmed those findings and also suggested the possibility of rapid vision recovery (5, 6). Unlike primary axotomy, in which axonal connections are immediately severed, delayed axonal degeneration is a potentially reversible process. Several mechanisms likely contribute to recovery, including remyelination (7), microtubule reorganization, shifts in ion channel permeability and restoration of glial-neuronal connections at the paranodes (8). Left unhindered, delayed axonal degeneration and its associated sequela lead to irreversible cell death (1–3, 9–11). Prolactin, a hormone synthesized in and released by the anterior pituitary gland with well-established roles in lactation, demonstrates promise as a mediator of delayed axonal degeneration and is known to control important mechanisms in the central nervous system (12, 13). In the retina, prolactin serves as a neurotrophic factor required for maintaining homeostasis during both injury (14) and physiologic aging (15), with receptors prominent in the ganglion cell layer as well as the outer and inner nuclear layers (16). In white matter, high prolactin levels signal oligodendrocyte proliferation, modulate neurotransmission (17) and promote white matter repair after demyelination in mice (18).

A specific disease model – compression of retinofugal fibers by large prolactin-secreting pituitary tumors (i.e., prolactinomas) offers a “natural experiment” with which to observe the potential mechanisms through which prolactin exerts a neuroprotective role in the injured human brain (19). Patients with prolactinomas often experience a stereotyped loss of vision in the temporal hemifields secondary to the mass (i.e., compressive effect) of the tumor on the retinofugal pathway, in addition to multiple endocrinopathies (20). Treatment using dopamine agonists (e.g., cabergoline) increases the available substrate capable of binding D2 receptors on lactotroph cells in the anterior pituitary gland and inhibits prolactin release (21). A secondary effect of cabergoline is reduction in tumor size (21). As such, it is used as a first line treatment for prolactinomas. Surgical decompression is reserved for cases of dopamine agonist-resistant prolactinomas or acute changes in tumor size that necessitate immediate intervention to prevent blindness. Dopamine agonist therapy for large prolactinomas can, in rare circumstances, cause symptomatic empty-sella syndrome. Empty-sella syndrome is characterized by both downward herniation of the optic chiasm into an empty sella turcica (the bony cave that houses the pituitary gland) and delayed secondary vision loss. To our knowledge, only 21 cases have been reported in the literature; the large majority of them were treated by reducing or completely stopping dopamine agonist therapy (22–27), or with surgical management to untether or elevate the optic apparatus (28–34). With cessation of dopamine agonist therapy, all reported patients demonstrated improvement of visual outcomes without any changes in either the level of herniation or macrostructural properties of the optic chiasm. How vision returns, despite persistent downward herniation of the chiasm in this small cohort of patients, has not previously been studied.

Here we investigate mechanistic hypotheses of the effect of prolactin on glial-neuronal function in an observational study of a rare patient with symptomatic empty sella syndrome. Both delayed axonal injury and retinal health were studied longitudinally at three time points over a year, using a combination of diffusion magnetic resonance imaging (dMRI) and optical coherence tomography (OCT), respectively. Measures of axonal injury and retinal health for our case study were compared with a cohort of healthy control participants. Diffusion MRI offers a tool with which to non-invasively measure myelin integrity (3, 35–38). Specifically, an increase in radial diffusivity (RD) without changes in axial diffusivity (AD) indicates a breakdown in myelin, while decreased AD indicates axonal degeneration (37). These properties have been leveraged in human subjects to characterize microstructural changes occurring across the length of the optic tract for numerous pathologies that include pituitary macroadenomas (5), optic neuritis (39), and glaucoma (40). Additionally, retrograde degeneration of retinal ganglion cells can be characterized as a function of retinal nerve fiber layer (RNFL) and ganglion cell complex (GCC) thickness as measured by OCT (41–43).

As noted, the standard clinical treatment for symptomatic empty sella syndrome is to discontinue cabergoline. The patient that is the focus of the current investigation temporarily resumed, on her own volition, cabergoline in between her first and second research visits. That event provided a unique opportunity to test how serum prolactin levels affect the structure-function relations between white matter integrity, retinal health, and visual ability. More broadly, this investigation also provided an opportunity to demonstrate that MRI metrics are sensitive to detect early changes in white matter associated with varying levels of serum prolactin.



METHODS


Participant Recruitment

This research was conducted as part of an ongoing pituitary tumor research study approved by the Research Subjects Review Board at the University of Rochester (RSRB00071763). Patient AJ, a 36-year-old nulliparous woman with a large prolactinoma was recruited as part of this study (see Supplementary Material 1 for a detailed clinical history). Five healthy control participants (n = 10 total hemifields, mean age 35.8 ± 11.88 SD) were also recruited and reviewed by an ophthalmologist (ZW) to confirm eligibility. Exclusion criteria included glaucoma, diabetic retinopathy, history of central retinal artery occlusion, optic disc drusen, multiple sclerosis, stroke, and previous head trauma. Supplementary Table 1 displays basic demographic information for all study participants. All participants gave written consent for participation in the study.



Measurement of Serum Prolactin Levels

Serum prolactin was obtained via laboratory blood draw by a trained phlebotomist and analyzed by the University of Rochester Clinical Laboratories as part of the patient's routine clinical care. The prolactin was measured via Electrochemiluminescence Immunoassay with a reference range of 4.8–23.3 ng/ml. Approximately 10 laboratory draws were performed over the course of a year (see Supplementary Figure 1) and data from each research visit was paired with the closest obtained laboratory value for analysis. Control participants each had a one-time blood draw obtained at a single University of Rochester Medical Center outpatient clinic and analyzed by the same clinical laboratory as patient, AJ.



Ophthalmologic Evaluation


Formal Ophthalmologic Testing

Automated 24–2 Humphrey perimetry (Zeiss HFA II-i series) and three-dimensional macular cube OCT (Zeiss Cirrus HD-OCT model 5000, 512 × 128 scan protocol with 6 × 6 × 2 mm volumes) were performed for each eye – right eye (OD) and left eye (OS). Peripapillary retinal nerve fiber layer thickness (pRNFL) was additionally obtained using an optic disc cube 200 × 200 protocol. Testing was performed three times over a year for patient AJ, and at a single time point for all control participants. Crawford and Howell's modified t-test was used to compare retinal thickness measurements and mean deviation for each eye at each time point for patient AJ to the control population (44). Intraocular pressure and fundus examination were also performed as part of the routine ophthalmologic assessment; results are reported in Supplementary Table 8.



Ganglion Cell Complex Thickness and Hemiretina Data

Macular central subfield (CST), ganglion cell layer (GCL), inner plexiform layer (IPL) and pRNFL thickness measurements were processed independently by Carl Zeiss Meditec, Inc. Ganglion cell complex (GCC) thickness was calculated using the sum of GCL and IPL layers. Measures of retinal thickness were subsequently mapped onto visual space using an in-house pipeline implemented in MATLAB (45) and analyzed with respect to visual hemi-field (i.e., the averaged thickness of homonymous hemiretinas) for comparison with optic tract integrity. To account for contributions from nasal vs. temporal halves, retinal measures were weighted 53% contribution from nasal hemi-retina and 47% for temporal hemi-retina (46). The relations between weighted retinal thickness by hemi-field and corresponding optic tract diffusion metrics across all participants were evaluated using linear regression. Processed OCT data from Zeiss was unavailable for one healthy control due to acquisition artifact and thus excluded from the GCC analyses (controls n = 8 total hemifields).




Magnetic Resonance Imaging Acquisition and Processing


MRI Acquisition and Analysis

Scanning was performed at the University of Rochester Center for Advanced Brain Imaging and Neurophysiology on a 3T Siemens MAGNETOM Prisma scanner with a 64-channel head coil. T1 weighted images were acquired at the start of each session with a MPRAGE pulse sequence (TR = 2,530 ms, TE = 3.44 ms, flip angle = 71°, FOV = 256 × 256 sq mm, matrix = 256 × 256, resolution = 1 cu mm, 192 sagittal slices). Diffusion MRI data were acquired using a single-shot echo-planar sequence (65 diffusion directions, echo spacing = 0.66 ms, EPI factor = 172, b = 0, 1,000, 3,000 s/sq mm, 96 slices, resolution = 1.5 cu mm, 68 non-diffusion weighted volumes). Three non-diffusion weighted volumes were collected at the same resolution with reversed phase-encode blips to estimate the susceptibility-induced off-resonance field as implemented in FMRIB software library, or FSL (47, 48). FSL utilities were used to reduce motion artifacts and eddy current distortions and perform brain extraction (49). Probabilistic tractography of the optic tracts was performed on the preprocessed b = 1,000 files, using two fibers per voxel and Bayesian estimation (50–52), following techniques previously described (5, 53). All data in the main text are reported at a threshold of 2% for radial (RD) and axial (AD) diffusivity. See Supplementary Material 2 for additional discussion on tractography, threshold determination, and supplemental analyses related to fractional anisotropy and mean diffusivity.




Structural Analysis of the Optic Tracts

Optic tract cross-sectional area (CSA) was approximated using T1-MPRAGE scans of both patient AJ and controls, assuming an elliptical shape. Measurements were made using Horos, an open source DICOM viewer, freely available for download at: https://horosproject.org/. Height and width were evaluated just posterior to the optic chiasm. One trained researcher (RH) obtained measurements for all participants. A Welch's t-test was used to compare right and left optic tract CSA of this study's controls with the respective CSA measured by Andrews et al. (54); there were no statistically significant differences between the data sets. Crawford and Howell's (44) modified t-test was subsequently used to compare the patient's right and left optic tract CSA at each time point with the healthy controls. Linear regression analyses were used to relate CSA with prolactin and diffusion MRI metrics.



Study Timeline

Diffusion MRI studies were performed every 4–5 months for patient AJ, in tandem with routine clinical care over the course of a year. Serial laboratory, HVF and OCT assessments were driven by the patient's clinical care team – with AJ0 representing the patient's last clinical evaluation prior to discontinuing cabergoline and enrolling in the study. All testing for each control participant was completed over the span of 3 weeks. See Table 1 for the full study timeline.


Table 1. Study timeline for dMRI, laboratory evaluation and ophthalmologic exam.
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RESULTS


Clinical Presentation: Patient AJ, a 36-Year-Old Woman With Empty Sella Syndrome

Patient AJ presented to the UR Medicine Pituitary Program at the University of Rochester with complaints of progressive bilateral visual field defects, photosensitivity and bilateral ocular pain 9 years after initial diagnosis and subsequent medical treatment of a large prolactin-secreting pituitary tumor (Figures 1A,B). Prior to study enrollment, a clinical MRI was obtained demonstrating both a significant reduction in tumor size compared with initial diagnosis (9 years earlier) and downward herniation of the chiasm into an empty sella turcica (Figure 1C). Ophthalmologic examination revealed a normal pRNFL (OD, 74 μm; OS 87 μm) (AJ0, Figure 2A) and bitemporal visual field defects on Humphrey perimetry (AJ0, Figure 3A) with intact visual acuity (20/20 in both OS and OD). Prolactin levels were measured at 17.9 ng/mL, consistent with continued use of cabergoline. In keeping with previously published treatment recommendations (22–27), AJ's cabergoline dose was reduced to 0.25 mg every other week and eventually discontinued. She was enrolled in the current study and serum prolactin and cabergoline dosage continued to be monitored as standard of care. At AJ's first research visit (AJ1), her prolactin level was 86.6 ng/ml (normal reference range 4.8–23.3 ng/ml for non-pregnant females at our institution), consistent with treatment recommendations. As noted, she resumed taking cabergoline on her own volition between the first and second research visit; her prolactin level dropped to 23.5 ng/ml when measured at the time of the second research visit (AJ2). Between the second and third research visits she then (on medical advice) discontinued cabergoline a second time, and her prolactin level rose to 179 ng/ml at the time of the third research visit (AJ3). These clinical observations confirm established relations between cabergoline use and serum prolactin. See Supplementary Figure 1 for a historical timeline of serum prolactin levels as a function of cabergoline dose and Supplementary Material 1 for a detailed clinical history.


[image: Figure 1]
FIGURE 1. Clinical T1-weighted MRI scan with contrast demonstrating patient AJ's pituitary macroadenoma in 2009 prior to (A), and after initiation of treatment with cabergoline (B), with progressive herniation of the optic chiasm into an empty sella (C) that was present at the time of study enrollment in 2018. Initial imaging of the mass in 2009 (A) demonstrated significant contrast enhancement with expansion of the sella-turcica, asymptomatic extension of the tumor into the left cavernous sinus, and suprasellar extension with some deviation, but no outright compression of the optic chiasm. The normal pituitary gland and stalk were pushed to the right and superiorly.
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FIGURE 2. Spectral domain optical coherence tomography showing near normal average peripapillary retinal nerve fiber layer thickness (74 microns) in the right eye and normal average peripapillary retinal nerve fiber layer thickness (87 microns) in the left eye (A). OCT RNFL shows borderline thinning superiorly, nasally and temporally in the right eye. The ganglion cell complex shows loss of the nasal fibers bilaterally (B).
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FIGURE 3. Humphrey 24-2 visual field automated perimetry of AJ prior to discontinuation of cabergoline (AJ0; A), at the time of study enrollment (AJ1; B) illustrating a single temporal defect in OD, mean deviation −6.15 dB, and supratemporal defect in OS, mean deviation −6.57 dB. Following cabergoline use (AJ2; C), ophthalmologic evaluation was notable for OD supratemporal and nasal defects (mean deviation −9.51 dB) and OS temporal-greater-than-nasal defects (mean deviation −13.35 dB), reflecting worsening of visual function. Further evaluation after final cessation of cabergoline (AJ3; D), demonstrates subtle worsening of the temporal defect extending infratemporally (mean deviation −9.65) and significantly improved supratemporal and nasal defects (mean deviation −6.05), reflective of overall improvement in visual function. (E) demonstrates a positive correlation between GCC thickness and mean deviation.




Ophthalmologic Evaluation of Visual Function and Retinal Thickness


Visual Function

At all three time points our patient demonstrated significantly reduced visual function compared with healthy control participants, as measured by mean deviation (all p < 0.05, using Crawford and Howell's modified t-test; Table 2). This difference is most pronounced at AJ2 relative to the other time points and overlaps with the period in which the patient resumed cabergoline. Figures 3A–D display Humphrey 24-2 visual automated perimetry data for patient AJ at each time point, demonstrating a transient worsening of vision during the period when she (on her own volition) resumed taking cabergoline.


Table 2. Mean deviation in AJ compared with healthy controls.
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Retinal Thickness

Optical Coherence Tomography was used to segment the retinal layers in all healthy control participants (n = 8 total eyes) and patient AJ at each time point. There was a trend of reduced retinal thickness across all layers in patient AJ compared with healthy controls (Supplementary Table 4). Notably, this pattern was not significant (all p > 0.05), and thus consistent with the independent observation that the values of retinal thickness for AJ were at the border of what is considered normal thickness (74 μm for pRNFL). Her normal OCT RNFL in the left eye predicted full recovery of her visual field defects following decompression of the chiasm. It is therefore unlikely that her bitemporal visual field defects at the time of the current investigation are residual from her chiasmal compression 9 years prior (42, 55). This line of reasoning suggests that her bitemporal visual field defects are likely secondary to chiasmal herniation causing optic chiasm traction in the setting of continued cabergoline treatment. This is further supported by interval worsening of her bitemporal visual field defects in October 2018 compared with HVF testing from May 2018. Reduced thickness was primarily in the nasal hemiretinas bilaterally (Figure 2).

GCC data were also correlated with mean deviation, demonstrating a significant relation between retinal thickness and visual function across all study participants (r = 0.69 and p = 0.006; Figure 3E). These data indicate a causal relation between GCC and Humphrey perimetry. It is important however, to note that the stability of retinal thickness measures for patient AJ observed over the duration of the study, suggests that the transient decline in visual function at time point 2 (AJ2) cannot be primarily explained by macrostructural changes within the retina. Raw data for all retinal layers is provided in the Supplementary Material.




Diffusion MRI Is Sensitive to Alternations in Serum Prolactin Levels

Diffusion MRI was obtained on all study participants in tandem with ophthalmologic and laboratory evaluations; and micro-structural properties of the optic tracts were measured within the analytic approach of probabilistic tractography, see Figure 4. At the onset of the study (AJ1), and shortly after initial discontinuation of cabergoline, AJ's diffusion metrics for the optic tracts were within the range established by the healthy controls sample (Figures 5A,B). This was supported by non-significant Welch's t-tests (all p > 0.4) comparing AJ's average diffusion metrics for the optic tracts with those of the control sample (n = 10) optic tracts. With decreasing levels of prolactin at the patient's second visit (AJ2), related to the use of cabergoline, there was a significant increase in average RD compared to the control population (two tailed; p < 0.001) with no change in axial diffusivity (p = 0.52). This difference is apparent in the distribution of voxel-based diffusion measures, as displayed in Figures 5A,B. After following medical advice to again discontinue cabergoline at the third time point (AJ3), diffusion metrics again no longer differed from controls (all p > 0.3). Notably, the pattern relating measures of diffusion in the optic tracts to serum levels of prolactin in patient AJ suggests that higher levels of prolactin are associated with reduced RD. This trend is not present for AD, as demonstrated in Figures 5C,D.


[image: Figure 4]
FIGURE 4. Tractography Results of the optic tract for patient AJ at each time point; (A) AJ1, (B) AJ2, (C) AJ3, and for a representative control participant (D) demonstrating the course of the optic tract from just posterior the chiasm to the lateral geniculate nucleus. Supplementary Figure 3 shows tractography results for each control participant.
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Figure 5. (A,B) Distribution of diffusion MRI metrics for the optic tracts of AJ at three time-points, and healthy control participants (n = 10 total optic tracts) at one time point each. AJ scan 1 (AJ1) was completed after initial discontinuation of cabergoline (high PRL); AJ scan 2 (AJ2) was completed after cabergoline was resumed of the patient's own volition (normal PRL); AJ scan 3 was completed 5 months after final termination of cabergoline treatment (high PRL). Diffusion metrics include axial diffusivity (AD) and radial diffusivity (RD). (C,D) Averaged diffusion metrics for patient AJ as a function of prolactin, demonstrating a negative relation between prolactin and both RD and MD. *p < 0.05.




Diffusion MRI Indices Correlate With Ganglion Cell Complex Thickness

GCC thickness was inversely related to the diffusion MRI index of RD in the optic pathways across all study participants (Pearson correlation, r = −0.68 and p = 0.015), whereas there were no relations for AD and GCC thickness (r = −0.16 and p = 0.62; Figure 6). Some clustering of data points is expected, due to the fact that AJ's GCC values are expected to be lower than those of the healthy controls. Recognizing that inclusion of patient AJ across time points could potentially introduce unwanted variability in measures of diffusion around a relatively stable GCC thickness, the analyses were repeated for only healthy control participants. Results from those analyses demonstrate the relation remains between measures of diffusion and GCC thickness, for RD (r = −0.69 and p = 0.066), but not between AD and GCC among healthy control participants (r = −0.28 and p = 0.50). These patterns suggest that the identified relations between GCC and diffusion indices represent a baseline structure-function relation between the retina and white matter tract integrity.


[image: Figure 6]
FIGURE 6. Hemifield GCC thickness measurements are related to indexed diffusion MRI metrics within the corresponding optic tracts. (A) No correlation was identified between GCC and AD (r = −0.0235, p = 0.937). All relations evaluated using linear regression. (B) Significant correlations were identified between GCC and RD (r = −0.595, p = 0.0247).




Optic Tract Size Does Not Correlate With Measures of Diffusion or Hormonal Function

A core finding described above is that diffusion indices of myelination track prolactin levels in patient AJ. In order to rule out the possibility that the observed effects on diffusion indices are derivative of macrostructural changes, such as thinning of the optic tracts secondary to increasing traction on the chiasm, we measured optic tract size for all healthy controls (n = 10 optic tracts) and patient AJ across all time points. The range of right optic tract CSA values was 6.22–9.96 mm2 (mean = 8.47 mm2) for healthy controls and 9.56–10.02 mm2 (mean = 9.81 mm2) for patient AJ. In the left optic tract, values ranged from 6.27 to 11.00 mm2 (mean = 9.18 mm2) for controls and 9.83–10.35 mm2 (mean = 10.08 mm2) for patient AJ. These data are consistent with previously published studies (54) and there were no left/right differences. No statistical differences were identified between optic tract CSA in patient AJ (at any time point) and healthy control participants (p = 0.14, using Welch's t-test). The tight range of CSA values at each time point demonstrates stability of optic tract size and suggests that increased traction or physical deformation of the optic tract is not the primary factor in the patient's worsened clinical exam at AJ2. This is further supported by the fact that no correlations were identified between optic tract size and measures of AD, RD, prolactin or GCC, all p > 0.34. Additionally, at the level of the optic chiasm, there were no observable macrostructural changes in patient AJ over the course of the study (see Figure 7).


[image: Figure 7]
FIGURE 7. Coronal images at the level of the optic chiasm obtained from the T1-MPRAGE MRI sequence associated with each diffusion MRI scan for patient AJ at all time points; (A) AJ1, (B) AJ2, (C) AJ3, and for a representative control participant (D). Notably, there are no macrostructural differences observed across time for patient AJ, who demonstrates stable downward herniation of the chiasm compared with controls. Supplementary Figure 4 reports coronal images of each control participant.





DISCUSSION

The current investigation demonstrates a stereotyped pattern of diffusion MRI changes in response to varying levels of serum prolactin in a rare, isolated, model of nerve traction injury. This study—while limited in scope to a single patient—provides a natural experiment for observing the effects of varying levels of serum prolactin on measures of visual function, white matter integrity, and retinal health that would otherwise not be possible to observe in-vivo. Specifically, increased RD indexed a significant decrease in serum prolactin. Important to this finding, is that no relations were present between axial diffusivity, levels of prolactin, retinal thickness or visual function. These data confirm the suite of diffusion MRI signals that have been shown to index the integrity of myelin (3, 35–38) and are consistent with the proposed neuroprotective role of prolactin in the human brain (12, 13, 17, 18, 56).

Adding to the specificity of the diffusion MRI changes we have reported is the demonstration of concordant changes in visual ability, indicating that serum levels of prolactin modulate the tightly coupled structure-function relationship between vision and white matter integrity. Notably, these patterns were present in the absence of macrostructural changes to the optic tracts, as assessed by CSA, and their specificity is further supported by stable measures of retinal thickness and axial diffusivity. Given the specificity of these findings, it is reasonable to infer that serum levels of prolactin physiologically modulate the relation between white matter integrity (i.e., myelination) and visual ability. Additionally, these data support the use of diffusion MRI as an independent index of the effects of prolactin on white matter in the human brain, both for future observational studies and for future interventional studies.


Radial Diffusivity as an Index for Glial-Neuronal Interactions That Support Myelin Health

Prior work has documented a pattern of reduced RD after surgical decompression of the optic chiasm that is disproportionate to changes in AD (5). This pattern is thought to characterize rapid remyelination in the human brain (i.e., days to weeks) following chiasmatic decompression. The current study demonstrates this same pattern of diffusion changes following periods of hyperprolactinemia rather than decompression – and does so in the setting of chronic injury from persistent traction. These data suggest that in the setting of an isolated stretch injury, radial diffusivity indexes the glial-neuronal interactions that support myelin sheath integrity and preservation of function. Key to this conclusion is that despite persistent traction on the optic chiasm throughout the study, white matter injury, as assessed with diffusion MRI, was only made apparent after AJ resumed cabergoline on her own volition – an event that resulted in decreased levels of serum prolactin. This is an important distinction given what is currently known about both neuronal stretch injury (8, 57) and prolactin's role in neural recovery (13, 17, 18). Once a nerve is stretched, a stereotyped pattern of microstructural changes leads to the development of axonal swelling and correlated changes in the microtubular component of the axonal cytoskeleton, particularly microtubule loss at nodes of Ranvier and at internodal regions (8). More severe injury models describe diffuse patterns of injury with permeabilization of the axolemma and subsequent formation of peri-axonal spaces, myelin inclusions, and reactive axonal swellings culminating in secondary axotomy (57).

There is a growing body of evidence in both in-vitro and in-vivo models demonstrating prolactin's role in mediating glial-neuronal interactions, including improved astrocyte viability and decreased astrogliosis (12). Critical for inferring microstructural properties from diffusion MRI data is the b-value used during image acquisition: in our case b = 1,000. At this b-value, diffusion patterns are most sensitive to changes in the extra-axonal compartment (58). Recruitment of oligodendrocyte precursor cells to the injured optic tract can effectively decrease radial diffusivity and is consistent with known properties of prolactin (18). Recovery of both the number and density of microtubules, which has been shown to occur as quickly as 4 h after an optic nerve stretch injury (8) can also reduce radial diffusivity and represents a potential area of future interest with respect to possible associations with prolactin. These physical changes, which can be measured in the extra-axonal space, likely accompany upregulation of neurotransmission that improves signal conduction and information transfer to the striate cortex. Increased signal conduction alone would be unlikely to provide microstructural changes large enough to be measured at the resolution of diffusion tensor imaging. Data from this study, therefore, add to the argument that prolactin influences a complex network of interactions important for maintaining the health of oligodendrocytes, cytoskeletal structures, and levels of myelination – which would otherwise be susceptible to secondary axonal injury.



Stability of Retinal Thickness Measures

Recovery after retinal thinning, as measured by OCT varies with pathology (41–43, 45, 55, 59, 60). Optic neuritis patients experience recovery of visual function with increasing VEP amplitudes despite continued loss of pRNFL thickness and significant optic nerve atrophy over 12 months (61). Klistorner et al. suggest that this discrepancy is driven by a combination of both remyelination and neural reorganization. When used to measure recovery following nerve decompression (e.g., resulting from treatment of a pituitary macroadenoma), pRNFL and photopic negative response are sensitive to detect changes at 3 months (41–43, 55). These changes lag behind both improvements in visual function and diffusion MRI indices and are relatively stable at the individual level. In chiasmal compression by pituitary tumors, GCC thickness analysis had greater correlation to mean deviation, a measure of visual defect, than RNFL analysis (62). Additionally, some patients had GCC thinning but no abnormalities in RNFL or mean deviation of visual defect on perimetry testing (63), suggesting increased sensitivity of GCC to injury. As such, this study primarily focused on GCC.

Here, we demonstrate preservation of retinal ganglion cell thickness despite persistent traction injury to the optic nerves, chiasm and tracts over the course of a year, including a transient period (AJ2) of worsening white matter injury and decreased vision. Only one other case with a similar pattern of preserved pRNFL thickness despite recorded deficits on Humphrey perimetry and injury to the optic chiasm has been reported in the literature – a patient with a large, compressive prolactinoma and hyperprolactinemia that was evaluated prior to starting cabergoline (64). While it is possible that the stability of retinal thickness measurements in patient AJ is secondary to exposure to high levels of prolactin – this pattern is complicated by a known delay (~6–8 weeks) in measurable response to pathology, which warrants further investigation. Our findings indicate that radial diffusivity is a sensitive marker that is dynamically modulated in the central nervous system coincident with rapidly changing serum prolactin levels.



The Role of Cabergoline

Given that the transient normal prolactin level measured in patient AJ was precipitated by use of cabergoline, it is possible that cabergoline has an independent effect on radial diffusivity and visual function. Chuman et al. suggest that cabergoline drug toxicity directly results in vision loss, and that cessation of therapy subsequently leads to vision recovery (22). While plausible, this pattern of delayed vision loss is not typically seen in patients treated with high doses of cabergoline (65), and has not been reported in the absence of empty sella syndrome. Further investigation in animal models relating the impact of cabergoline on D2 receptors in white matter may help to better separate differences between the changes related to prolactin vs. those related to dopamine agonists alone. A second hypothesis proposes that in the absence of cabergoline, undetectable tumor regrowth leads to untethering of the of the optic chiasm and a subsequent return of visual function. Two issues arise in this context. First, no patient has been reported to demonstrate a reduction in the amount of optic chiasm herniation, at least across all case reports of which we are aware, and for which cessation of medical therapy was the treatment strategy (22–27). Second, the amount of deformation of the optic chiasm poorly correlates with visual function, as demonstrated in both compressive pituitary tumor patients (66), and individuals with an incidental finding of primary empty sella syndrome as an anatomic variant (67). As such, we suggest that it is unlikely that an “undetectable” change in tethering is responsible for the significant reduction in radial diffusivity and improved visual function observed with hyperprolactinemia in this study.




CONCLUSIONS

In summary, we demonstrate in a single patient with empty sella syndrome secondary to dopamine agonist therapy, that increasing serum levels of prolactin correlate with improved visual function and an increase in myelination of the optic tracts. These data support, in-vivo, a neuro-protective role for prolactin in the injured human brain, confirming previous work in animal models, and establishes radial diffusivity as an important index for tracking the white matter impact of varying levels of serum prolactin. These findings offer a non-invasive means of measuring the effectiveness of novel therapies targeting prolactin as a mediator of neuroprotection in the human brain.
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Traumatic Brain Injury (TBI) is defined by changes in brain function resulting from external forces acting on the brain and is typically characterized by a host of physiological and functional changes such as cognitive deficits including attention problems. In the present study, we focused on the effect of TBI on the ability to allocate attention in vision (i.e., the use of endogenous and exogenous visual cues) by systematically reviewing previous literature on the topic. We conducted quantitative synthesis of 16 selected studies of visual attention following TBI, calculating 80 effect size estimates. The combined effect size was large (g = 0.79, p < 0.0001) with medium heterogeneity (I2 = 68.39%). Subgroup analyses revealed an increase in deficit with moderate-to-severe and severe TBI as compared to mild TBI [F(2, 76) = 24.14, p < 0.0001]. Task type was another key source of variability and subgroup analyses indicated that higher order attention processes were severely affected by TBI [F(2, 77) = 5.66, p = 0.0051). Meta-regression analyses revealed significant improvement in visual attention deficit with time [p(mild) = 0.031, p(moderate-to-severe) = 0.002, p(severe) < 0.0001]. Taken together, these results demonstrate that visual attention is affected by TBI and that regular assessment of visual attention, using a systematic attention allocation task, may provide a useful clinical measure of cognitive impairment and change after TBI.

Keywords: visual attention, endogenous, exogenous, visual cue, traumatic brain injury


INTRODUCTION

Traumatic Brain Injury (TBI) can be defined as changes in brain function, or other brain pathology, caused by external forces acting on the brain (Menon et al., 2010). Alterations in brain function commonly associated with TBI include loss of consciousness, loss of memory known as post-traumatic amnesia, disorientation, and other changes in mental state (Kay et al., 1993; Langlois et al., 2006; Jagnoor and Cameron, 2014; Pervez et al., 2018). TBI may occur due to falls, hits, motor vehicle accidents, blasts such as those incurred in armed combat or sports-related injuries (Menon et al., 2010; Jagnoor and Cameron, 2014; Pervez et al., 2018; James et al., 2019). As a result, TBI affects all areas of the population and particularly, males, children aged zero to 4 years, and adolescents aged 15 to 19 years are more likely to sustain injury (Langlois et al., 2006; Jagnoor and Cameron, 2014; Nguyen et al., 2016). This is likely due to mobility problems in young children, risk-taking behavior in new drivers and increased activity in adult males and adolescents as falls and motor-vehicle accidents are among the leading causes of TBI (Hyder et al., 2007; Jagnoor and Cameron, 2014; Nguyen et al., 2016).

A pressing public health problem with an annual incidence of 349 cases per 100,000 globally, (Nguyen et al., 2016). TBI cases result in over 200,000 hospitalisations in the United States alone (Langlois et al., 2006) and are a leading cause of death and disability (Jagnoor and Cameron, 2014; Nguyen et al., 2016; James et al., 2019). In addition to long term disability, significant economic burden and reduced quality of life are often incurred as a result of injury (Hyder et al., 2007; James et al., 2019).

TBI is typically graded as mild, moderate, or severe using diagnostic and prognostic tools such as the Glasgow Coma Scale, which assess the degree of injury based on loss of consciousness, memory loss, or patient responses to different levels of stimuli (Reith et al., 2016). Mild TBI accounts for 70–90% of TBI cases (Nguyen et al., 2016; James et al., 2019), although the long-term impact of mild TBI is significantly lower than that of moderate or severe injury, with the majority of post-injury symptoms resolving within 3 months to a year, while more severe injuries may be symptomatic throughout life (Eisenberg et al., 2014; Hiploylee et al., 2017). However, grading TBI in three broad categories does not adequately capture different archetypes of TBI as the extent of deficit across key outcome measures is likely to be a continuum in scale. Accordingly, current and the lack of standard conventions in the classification of TBI may not be entirely appropriate to grade the scope and scale of deficits that are associated with TBI.

The impact of TBI on daily lives of patients is often crippling. Post-Concussion Syndrome is the name given to a whole host of physical, emotional, and cognitive symptoms commonly experienced following TBI. Commonly reported somatic symptoms include headaches, fatigue, and dizziness which, especially when chronic, may interfere with the individual's ability to navigate their daily lives (Vanderploeg et al., 2007; Eisenberg et al., 2014). Emotional control centers are often affected in TBI resulting in outbursts of anger and uncontrollable mood swings which may impact patients and put pressure on their relationships with family and friends (Vanderploeg et al., 2007; Gorgoraptis et al., 2019).

Cognitive processing issues, including memory and attention deficits, are commonly reported and have been well-investigated (Binder et al., 1997; Belanger et al., 2005; Frencham et al., 2005; Vanderploeg et al., 2007; Mani et al., 2018). A key meta-analysis assessing the evidence of cognitive deficit and neuropsychological performance following mild TBI was conducted by Binder et al. (1997). This review assessed a wide range of neuropsychological functions in patients suffering TBI and studies were included if patients had a positive history of mild TBI at least 3 months prior, regardless of the presence of symptoms. The overall effect size, weighted for sample size, was small (g = 0.07) however there is contention regarding whether this result was influenced by their study selection process. The authors only included studies with participants with a positive history of TBI and excluded those studies where participants were recruited based on clinical presentation or referral for symptom management. As a result, studies of symptomatic TBI patients were not accounted for in the review and it is unclear whether the effect described is similar, or larger in a symptomatic population. When further investigation was conducted and studies of symptomatic TBI populations were included, overall effect size for neuropsychological outcome increased (Belanger et al., 2005) as did effect sizes for specific cognitive domains (Zakzanis et al., 1999).

Binder et al. (1997) also calculated effect sizes for specific cognitive domains. The only area which indicated significant cognitive deficit was attention (Hedges' g = 0.17), which are general and complex processes to selectively take notice of specific information in the environment (Wickens et al., 2003). Clearly, cognitive processing, and in particular attention, is impacted in TBI of all severities, however, the full extent of deficit remains at present unclear and the focus of much research (McCrea et al., 2009; Mani et al., 2018, 2020; Snegireva et al., 2018; Walz et al., 2020).

The visual system has long been used to index attention processing as it provides a simple and non-invasive means of assessing a variety of cognitive function (Posner and Petersen, 1990; Petersen and Posner, 2012). Visual attention is the ability to selectively focus on specific elements of visual information (Posner et al., 1980; McMains and Kastner, 2009). This distinction is considered semantic as the cortical areas recruited during attention processing are common mechanisms despite being applied to different sensory domains (Klingberg, 1998; Adcock et al., 2000; Bunge et al., 2000; Macaluso, 2006; Nijboer et al., 2014; Moisala et al., 2015). Assessments of visual attention following TBI report conflicting evidence of the nature of this deficit (Cremona-Meteyard et al., 1992; Cremona-Meteyard and Geffen, 1994b; Hills and Geldmacher, 1998; Van Donkelaar et al., 2005; Halterman et al., 2006; Pavlovskaya et al., 2007; Catena et al., 2009; Schmitter-Edgecombe and Robertson, 2015). It is likely that the heterogeneity associated with this effect indicates that visual attention is not a single process, but rather a more complex, multi-stage aspect of cognition that is affected inconsistently by TBI across different domains.

For several decades eye movements and pupil responses have been investigated using different types of eye-tracking technology as surrogate measures of attention (van der Wel and van Steenbergen, 2018; Hunt et al., 2019). In addition to behavioral evidence, there is strong neurological support for the link between the major attention processing networks and the neural systems responsible for eye movements (Eckstein et al., 2017) and pupil responses (Daniels et al., 2012; Wang and Munoz, 2015). Furthermore, eye movements and pupil responses have been used to identify deficits or altered attention processing in a number of diseased populations including TBI. While eye movements have been particularly well-investigated, (Mani et al., 2018) altered pupil responses as a marker for attention following TBI have only recently been identified (Walz et al., 2020) and require further investigation as a potential biomarker for attention deficit.

With further investigation into the specific nature of attentional deficit is required, many researchers have turned to visual search paradigms for evidence. Visual search tasks provide a unique opportunity to assess baseline visuospatial attention capacity (Treisman and Gelade, 1980). Whilst paradigms may differ, the general premise of identifying target shapes, letters, or figures amongst distractors in visual space remains a strong basis for assessing the ability to scan visual space for pertinent information (Treisman and Gelade, 1980; McElree and Carrasco, 1999).

Geldmacher and Hills conducted two studies assessing visual search capacity following severe TBI (Geldmacher and Hills, 1997; Hills and Geldmacher, 1998). Using simple cancellation visual search tasks, they identified poorer performance by the TBI population. This effect was amplified in more attention-demanding tasks where the target-to-distractor ratio resulted in increased task difficulty, i.e., target-to-distractor ratio was 1:9 instead of 1:4 (Geldmacher and Hills, 1997). It is unclear whether this effect was the result of increased response time or poorer accuracy as they reported a “Q score” which combines both effects as a product of the proportion of correct responses dependent on completion time and the total number of targets.

An increase in search load resulting in poor task performance suggests a deficit in the internal task-driven attention system, as opposed to attention driven by salience in the visual field. This notion of a higher-order deficit is further supported by Schmitter-Edgecombe and Robertson (2015) who reported significantly slowed visual search rates in the moderate-to-severe TBI population when target salience was reduced. These two responses, conventionally requiring endogenous and exogenous processes, are the primary drivers of visual attention allocation. Typically, an endogenous response uses task-specific information to drive visual search for relevant information while the exogenous response utilizes visual scene properties, such as salience, to capture visual attention.

Commonly, these systems are assessed using visual search tasks and cue-response tasks such as the Covert Orienting of Attention Task (Posner, 1980; Posner and Cohen, 1984; Posner and Petersen, 1990), and Attention Network Test (Fan et al., 2005). The Covert Orienting of Attention Task assesses the endogenous system by capturing visual attention with directional cues while the Attention Network Test assesses exogenous attention by engaging the bottom-up response with peripheral spatial cues. These directional and spatial cues are considered valid when the target appears in the cued location, and invalid when the target appears elsewhere (Posner, 1980; Posner and Cohen, 1984). Healthy individuals exhibit a faster response time or benefit with a valid cue when compared with a no cue condition. Conversely, an invalid cue results in an increased response time or cost due to the need to reorient spatial attention to the target location (Posner, 1980; Posner et al., 1980).

Cremona-Meteyard et al. (1992) and Cremona-Meteyard and Geffen (1994b) assessed endogenous orienting of attention using the Covert Orienting of Attention Task in individuals who had sustained a closed head injury at 2-weeks, 1-year, and more than 1-year post-injury. They identified persistent, slowed attention allocation processing in both mild and moderate-to-severe brain injury patients, consistent with increased latency event-related potentials and attenuated cortical responses (Cremona-Meteyard and Geffen, 1994a). Further, head injury patients showed reduced benefit in reaction time from a correct directional cue and increased costs in response to an incorrect cue, indicating decreased capacity to allocate attention, and disengage and reallocate to new information when relying on an endogenous response.

On the other hand, Van Donkelaar et al. (2005) investigated exogenous attention allocation using the Attention Network Test and reported slowed processing immediately following injury. This was evidenced by uniform delayed reaction times across all task conditions. Furthermore, the addition of an exogenous spatial cue to a typical visual search task improved reaction time in TBI patients to a greater degree than controls, suggesting that the bottom-up stimulus driven response remains predominantly intact when compared with the higher order endogenous response deficit following TBI.

Unlike the persistent deficits in endogenous attention allocation identified by Cremona-Meteyard and Geffen (1994b) on further investigation, the altered exogenous processing reported by Van Donkelaar and others improved to recovery at just 1-month post-injury (Halterman et al., 2006) In particular, the increased reaction time benefit exhibited by TBI patients when using the spatial cue was not evident at any subsequent testing date in the month following injury, despite persistent slowed reaction times overall. It should be noted that only one group has investigated the disengagement and reorienting process for exogenous attention allocation following TBI (Pavlovskaya et al., 2007) and one other, only at the preliminary pilot study level (Sinnett et al., 2011).

Within the literature, there is much disparity regarding the specific nature of these deficits, including the extent of deficit, the areas and severity groups affected, persistence and recovery, and the influence of discrepancies in task design. To date, there has been no comprehensive systematic assessment/review of attention allocation capacity in the TBI population. In order to gain understanding of the nature and degree of attention allocation and processing deficits following TBI, a systematic review of the relevant literature was conducted to qualitatively assess the discrepancies in task designs, recruitment processes, and severity groups. A meta-analysis of the data included in this literature was used to identify and quantify deficits in attention processing and allocation following TBI. Further, the relationships between this effect and task type, injury severity, age, time since injury and outcome measure were investigated using subgroup and meta-regression analyses.



MATERIALS AND METHODS

This study was conducted according to the PRISMA guidelines for reporting systematic review and meta-analysis (Page et al., 2021). This review protocol has been registered with PROSPERO (CRD42020199419).


Search Strategy

A literature search was performed on the NLM PubMed, Cochrane Library, and Google Scholar databases aiming to retrieve relevant articles that investigated visual attention in all severities of TBI. The search was performed using the search strategy described in Table 1. The search was conducted from May to September 2020. In order to avoid missing relevant literature, a backward and forward search of eligible articles was performed. The backward search was conducted from the reference list of eligible studies and forward search was performed from the list of articles that cited the eligible studies included in the review.


Table 1. Search strategy used in PubMed database.

[image: Table 1]



Study Selection

Studies were included if they met the “PICOS” principles.

1) Population: Studies of human adults (aged 18 years and over) with validated assessment and recruitment processes were included. Non-human studies, and human studies of children and adolescents were excluded.

2) Intervention: Studies that assessed human subjects with at least one episode of head injury with no intervention.

3) Comparison: Studies that had a comparable control group were included in terms of age and gender. Those adult studies were excluded if they did not include a relevant control group or if they implemented an active treatment plan for recovery from TBI. These could be partially included with adequate baseline data; however, follow-up data was not included. Further, if an article did not report task specific results, e.g., reporting a single average response time despite having both cued and un-cued tasks included in the assessment, then first authors were contacted for raw data. If the necessary data was provided, the article was included, else it was excluded from the meta-analysis but retained for quantitative analysis.

4) Outcome: Outcome measures that assessed visual attention allocation such as response time of correct trials, Studies that reported data in mean and standard deviation were included. Those that reported otherwise were only included where conversions were possible, e.g., standard error to standard deviation conversion. If measures were reported graphically, WebPlotDigitizer (Rohatgi, 2015) was used to extract the relevant information and the necessary conversion were conducted as needed.

5) Study design: Only case-control studies included in this review. Case reports, case series, studies that had irrelevant task design, outcome measures, and/or with intervention were excluded.



Data Extraction

Two independent reviewers (JW and RM) screened abstracts against the inclusion and exclusion criteria (see Table 2). A consensus was required before a study could be included in the review. If JW and RM disagreed on the eligibility of a study, a third reviewer (SK) was involved and an agreement about its inclusion reached after group discussion. The basis of these criteria was to ensure that study designs were similar in the way they assessed visual attention following TBI and to isolate those studies that provided adequate data for the calculation of the necessary effect sizes.


Table 2. Inclusion and exclusion criteria.
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Each article was assessed for risk of bias using critical appraisal tools provided by the Jonna Briggs Institute System (JBI) for case-control studies. Using this tool, the methodological quality of each study was analyzed to determine the extent to which it addressed the possibility of bias in its design, conduct and analysis (Moola et al., 2017). Table 3 reports the risk of bias assessment for individual study included in the review. The reported in this table the great majority of studies met the checklist requirements for case-control studies and therefore the risk of bias is low. Only three studies (papers) were assessed as being unclear or “no” on certain items on the checklist. Note that all studies adopted a between groups design (controls vs. TBI) and so the requirement for equal exposure was not applicable as controls did not have TBI. Given this assessment we are confident that the risk of bias in our metanalysis is low.


Table 3. Assessment of risk of bias.
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Articles that met the inclusion criteria had relevant outcome and key measures extracted and recorded in Microsoft Excel. The extracted data included TBI etiology, severity and grading, post-injury period, task design information, sample sizes of TBI and control groups, participant ages, and relevant performance measures including response time, task accuracy, and other reported scores relevant to task performance, including mean and standard deviations as appropriate. Each study was compared across based on classification of TBI according to the severity indices, study design, post-injury period, attention task design, sample size, nature of population and outcome measures investigated.

The mean and SD of outcome measures from case and controls were used to conduct a meta-analysis. A meta-analysis is a statistical procedure used to consolidate the existing evidence of the relationship between a number of factors. Meta-analyses provide a unique opportunity to mathematically assess the overall relationship between these factors by detecting trends across multiple studies which a single sample study may fail to highlight.

The majority of included studies reported more than one condition, either by varying task design or repeating the same task at multiple time points or in different samples. As such, multiple effect sizes were calculated for each study, as was necessary. Hedges' g effect size was calculated to determine the relationship between TBI and control group task performance. For the majority of studies, which reported response time as the key outcome measure, a positive effect size indicated a poorer performance by the TBI group, i.e., slower response time, while a negative effect size indicated a better performance by the TBI group than the control group (see Equation 1).

Few studies, on the other hand, reported task accuracy or another measure which indicated a poorer performance by the TBI group with a negative effect size. In these instances, all of which reported a negative value, the absolute value of the Hedges' g effect size was calculated in order to keep in line with the other reported group relationships.

Hedges' g effect size was calculated by taking the difference in the mean outcome measure of the TBI case and control groups and dividing this difference by the pooled standard deviation of the study populations. This can be represented by the formula:

[image: image]

Where M1 and M2 represent the means of the TBI cases and the control groups, respectively. The pooled standard deviation was calculated using the following formula:
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Where N1 and N2 represent the respective sample sizes of the case and control groups and, similarly, SD1 and SD2 refer to the standard deviations of each of the case and control group scores, respectively. The 95% confidence intervals of Hedges' g were calculated by g ± 1.96SDg where SDg is calculated by
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Hedges' g effect size, SDg, and 95% confidence intervals were calculated for each relevant task performance measure in the included studies.

An absolute effect size value for Hedges' g of < 0.3 would be considered a small effect size, while a value of 0.3–0.5 was considered moderate, and an effect size of >0.5 was considered to reflect a large difference between the compared groups (Hedges, 1981).



Statistical Analysis

Extracted data were entered into Microsoft Excel using the Meta-Essentials v1.4 workbook (Suurmond et al., 2017) and all figures were generated using GraphPad Prism 8. A measure of heterogeneity was generated by assuming a random effect model and utilizing the Inverse Variance method (Borenstein et al., 2009). The Q statistic and I2 index were calculated to assess the variability and heterogeneity of the effect sizes in the meta-analysis.

The Q statistic null hypothesis indicates homogeneity in the sample size-weighted effect sizes. In this instance, a chi-squared distribution and k-1 degrees of freedom are assumed, where k indicates the number of effect sizes included. If the Q statistic is found to be significant the null hypothesis of homogeneity is rejected, and a random effect model can be applied including within- and between-studies variability measures.

The I2 index was calculated in order to provide a measure of the degree of heterogeneity as the Q statistic only indicates statistical significance of heterogeneity (Huedo-Medina et al., 2006). I2 was calculated using the following formula:
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Where Q refers to the heterogeneity value, and df is the degrees of freedom. The I2 index gives a percentage value from 0 to 100 where low, medium, and high heterogeneity can be approximated by I2 values of 25, 50, and 75% respectively (Huedo-Medina et al., 2006).

Hedges' g effect size was calculated for each appropriate outcome measure in every accepted article. As a result, most studies had multiple effect sizes calculated from their data. All effect sizes and other relevant data were recorded in the Meta-Essentials workbook and an overall effect size was calculated using the random effects model. This overall effect size was used to indicate the degree of impact of TBI on visuospatial attention allocation. Subgroup analyses were conducted using the same workbook to determine the influence of different task designs and TBI factors, such as severity, on outcome. The impact of participant age and post-injury period were assessed using moderator meta-regression analyses in the combined effect size data and in subgroups.

A one-way analysis of variance (ANOVA) was conducted to determine whether the contribution of task design and severity were significantly different across subgroups. A two-way ANOVA was performed to determine how these effects interacted across TBI severity and task design. Subgroup analyses were also conducted to determine whether the type of outcome measures reported were significantly different, i.e., if the different behaviors were impacted differently by TBI.




RESULTS

The flow diagram in Figure 1 describes the study search and selection process and outcomes (Moher et al., 2009). Out of 50 abstracts screened, 18 studies met the inclusion criteria for qualitative analysis (Macflynn et al., 1984; Cremona-Meteyard et al., 1992; Cremona-Meteyard and Geffen, 1994b; Geldmacher and Hills, 1997; Hills and Geldmacher, 1998; Bate et al., 2001; Van Donkelaar et al., 2005; Halterman et al., 2006; Pavlovskaya et al., 2007; Catena et al., 2009; Kim et al., 2009; Sinnett et al., 2011; Rodríguez-Bailón et al., 2012; Hill-Jarrett et al., 2015; Schmitter-Edgecombe and Robertson, 2015; Robertson and Schmitter-Edgecombe, 2017; Shah et al., 2017; Hromas et al., 2020). After thorough review of the full texts, 16 of these 18 studies met the criteria for quantitative analysis, producing 80 calculated effect size estimates for meta-analysis. These included 359 TBI patients and 358 matched controls. The two studies (Kim et al., 2009; Hromas et al., 2020) from the qualitative analysis that were excluded from the meta-analysis were those that pooled data across task conditions preventing independent analysis of the type of attention processing. Studies were otherwise excluded from the review if they were case reports, case series, studies that had irrelevant task design, outcome measures and/or with intervention. Those studies that could not be accessed or for unextractable data where results were reported as median and range instead of mean and standard deviation/error.
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FIGURE 1. Flow diagram of study selection process.



Qualitative Analysis

Eighteen studies were included in the systematic review. See Table 4 for summary of the qualitative analysis of these studies. Studies were assessed in regard to study quality, TBI definitions and criteria, recruitment methods, sample size, description of study participants including injury etiology, severity and post-injury period including follow-up visits, task design, and key outcome measures.


Table 4. Qualitative analysis.
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Study Quality, TBI Definitions, and Criteria

All studies were well-designed case-control studies, as per the inclusion criteria, and included a thorough description of the aims, definitions, and procedures. The diagnostic criteria used for classifying TBI varied between studies, but the majority, ~89%, indicated they utilized a measure of loss of consciousness, post-traumatic amnesia, alteration of mental state, Glasgow Coma Scale, or a combination thereof. Two studies (Macflynn et al., 1984; Cremona-Meteyard et al., 1992) classified injury severity using period of post-traumatic amnesia alone, while GCS score was used as the sole indicator in three studies (Geldmacher and Hills, 1997; Hills and Geldmacher, 1998; Kim et al., 2009). The duration of loss of consciousness was used alone in one study (Shah et al., 2017), in accordance with the American Congress of Rehabilitation Medicines Guidelines (Ruff et al., 2009). American Academy of Neurology grading system (American Academy of Neurology, 1997), which refers to both an alteration of mental state and the period of loss of consciousness, was used in three studies (Van Donkelaar et al., 2005; Halterman et al., 2006; Catena et al., 2009). Another combination of at least two factors from period of loss of consciousness, duration of post-traumatic amnesia or GCS score were used in seven studies (Cremona-Meteyard and Geffen, 1994b; Bate et al., 2001; Pavlovskaya et al., 2007; Hill-Jarrett et al., 2015; Schmitter-Edgecombe and Robertson, 2015; Robertson and Schmitter-Edgecombe, 2017; Hromas et al., 2020). One study (Sinnett et al., 2011) did not report their diagnostic criteria, and one study (Rodríguez-Bailón et al., 2012) used neuroimaging as their primary criterion.

Nine of the 18 included studies used medical records to confirm diagnosis of TBI (Cremona-Meteyard et al., 1992; Geldmacher and Hills, 1997; Hills and Geldmacher, 1998; Bate et al., 2001; Kim et al., 2009; Rodríguez-Bailón et al., 2012; Hill-Jarrett et al., 2015; Shah et al., 2017; Hromas et al., 2020). Diagnosis by hospital casualty staff or paramedics was required for four studies (Macflynn et al., 1984; Pavlovskaya et al., 2007; Schmitter-Edgecombe and Robertson, 2015; Robertson and Schmitter-Edgecombe, 2017), and diagnosis by a trained medic, coach or team trainer was required for four studies (Cremona-Meteyard and Geffen, 1994b; Van Donkelaar et al., 2005; Halterman et al., 2006; Catena et al., 2009). One study (Sinnett et al., 2011) did not report the diagnosis method.



Methodology, and Outcome Measures

The task designs and methodology were well-described amongst all the studies, as per the inclusion criteria. The task designs involved various visual search tasks, tasks with a central directional or endogenous cue, and tasks with a peripheral spatial or exogenous cue. There were four studies (Macflynn et al., 1984; Geldmacher and Hills, 1997; Hills and Geldmacher, 1998; Schmitter-Edgecombe and Robertson, 2015) that utilized only visual search tasks without cueing. One study (Kim et al., 2009) involved task conditions that used only an endogenous cue and one study (Pavlovskaya et al., 2007) used only exogenously cued conditions. The rest of the studies used more than one condition; four studies (Cremona-Meteyard et al., 1992; Cremona-Meteyard and Geffen, 1994b; Bate et al., 2001; Robertson and Schmitter-Edgecombe, 2017) used both endogenously cued and un-cued condition, seven studies (Van Donkelaar et al., 2005; Halterman et al., 2006; Catena et al., 2009; Rodríguez-Bailón et al., 2012; Hill-Jarrett et al., 2015; Shah et al., 2017; Hromas et al., 2020) used both an un-cued condition and an exogenously cued task, and one study (Sinnett et al., 2011) used both cued task types. Of the 14 studies that used some type of cued condition, six referred to the Covert Orienting of Attention Task (Posner et al., 1980; Posner and Cohen, 1984), and seven referred to the Attention Network Test (Fan et al., 2005) as the basis for task design.

Studies typically reported either response time or accuracy as their key outcome measures. Fifteen studies either reported response time or comparative measure of response time between tasks (Macflynn et al., 1984; Cremona-Meteyard et al., 1992; Cremona-Meteyard and Geffen, 1994b; Bate et al., 2001; Van Donkelaar et al., 2005; Halterman et al., 2006; Catena et al., 2009; Kim et al., 2009; Sinnett et al., 2011; Rodríguez-Bailón et al., 2012; Hill-Jarrett et al., 2015; Schmitter-Edgecombe and Robertson, 2015; Robertson and Schmitter-Edgecombe, 2017; Shah et al., 2017; Hromas et al., 2020). One study (Pavlovskaya et al., 2007) reported only the fraction correct as the key outcome and two studies (Geldmacher and Hills, 1997; Hills and Geldmacher, 1998) reported a “Q score” which combined measures of accuracy and response time.



Study Participants

The recruitment processes of the studies were well-documented. Three studies (Cremona-Meteyard et al., 1992; Kim et al., 2009; Rodríguez-Bailón et al., 2012) did not specifically mention their recruitment source. Nine studies (Macflynn et al., 1984; Geldmacher and Hills, 1997; Hills and Geldmacher, 1998; Bate et al., 2001; Pavlovskaya et al., 2007; Schmitter-Edgecombe and Robertson, 2015; Robertson and Schmitter-Edgecombe, 2017; Shah et al., 2017; Hromas et al., 2020) recruited directly from hospitals, rehabilitation clinics, or out-patient services. Two studies (Sinnett et al., 2011; Hill-Jarrett et al., 2015) advertised publicly or within university groups and four studies (Cremona-Meteyard and Geffen, 1994b; Van Donkelaar et al., 2005; Halterman et al., 2006; Catena et al., 2009) recruited from sports teams or athletics programs.

From these groups, studies were characterized as having a selected or unselected recruitment process (Belanger et al., 2005). Those studies that recruited from rehabilitation centers or hospital out-patient services were classified as selected because recruiters selected patients who were referred to these services for specific symptom management following injury. Studies that did not mention their recruitment process or recruited from sports programs, public advertisement, or hospital emergency departments were classified as unselected as patients were not recruited based on presentation of specific symptoms. Based on this classification, eight studies (Geldmacher and Hills, 1997; Hills and Geldmacher, 1998; Bate et al., 2001; Pavlovskaya et al., 2007; Schmitter-Edgecombe and Robertson, 2015; Robertson and Schmitter-Edgecombe, 2017; Shah et al., 2017; Hromas et al., 2020) had a selected recruitment process and 10 studies (Macflynn et al., 1984; Cremona-Meteyard et al., 1992; Cremona-Meteyard and Geffen, 1994b; Van Donkelaar et al., 2005; Halterman et al., 2006; Catena et al., 2009; Kim et al., 2009; Sinnett et al., 2011; Rodríguez-Bailón et al., 2012; Hill-Jarrett et al., 2015) had an unselected process. No quantitative analysis of these groups was conducted due to bias in injury severity groups. All the studies with a selected recruitment process were of moderate-to-severe or severe TBI, while the majority (66.67%) of unselected studies were of mild TBI.

The average age of TBI patients was 29.1 years, and that of the matched controls was 27.9 years. Etiology of TBI from one study (Cremona-Meteyard et al., 1992) was motor-vehicle accidents, while one other reported only sports-related concussions (Cremona-Meteyard and Geffen, 1994b). All other studies either did not report etiology or reported mixed etiology among participants.



Quantitative Analysis (Meta-Analysis)

Of the studies included in this review, 16 studies presented sufficient data for meta-analysis. Studies reported measures of either accuracy or response time and effect size estimates were generated as comparisons of performance in their respective tasks. In order to ensure that these different outcome measures did not significantly affect the analysis, further investigation was conducted (see subgroup analysis below). The majority of studies reported multiple comparisons across task conditions and different time points. As a result, multiple effect sizes were calculated for most studies, one for each appropriate task condition or post-injury period, at an average of five effect sizes per study. In total, 80 effect size estimates of visuospatial attention were calculated.



Overall Effect Size and Heterogeneity

In the meta-analysis, in addition to the overall effect size, the effect sizes for different TBI severity groups and task conditions were also considered for subgroup analyses. The reporting of mixed etiologies, or lack of reported etiology (see qualitative analysis) by the majority of studies prevented comparison of different etiology groups. Meta-regression analysis was conducted to determine the change in effect size as a result of post-injury period. This investigation would help determine whether this attention deficit is chronic or recovers with time. An additional meta-regression analysis was conducted to determine whether and how the impact of TBI is dependent on age.

In order to provide a visual representation of publication bias, a funnel plot (Figure 2) was used. There was a broad range of effect sizes observed and when assessed using an Egger regression statistical analysis, there was significant publication bias observed (p = 0.035). Figure 2 shows the 80 effect size estimates plotted against standard error. The different symbols represent the severity subgroups explored below. From the figure it can be inferred that this statistical evidence of publication bias is likely driven by study differences particularly trends in injury severity.


[image: Figure 2]
FIGURE 2. Effect sizes plotted as a function of standard error. Symbols represent individual effect size estimates. Circles represent effect size estimates for mild TBI, squares represent moderate-to-severe TBI effect sizes, and triangles represent severe TBI estimates. Dotted lines represent 95% confidence intervals.


From the 80 effect size estimates, the overall estimated effect size of TBI on visuospatial attention was 0.79 (SE: 0.07, 95% CI: ±0.14, I2 = 68.39%). Figure is a forest plot including individual and combined effect sizes. This large, combined effect size was significantly different from zero (Z = 11.42, p < 0.0001) with medium to high heterogeneity which highlights the potential role of study design and methodology, injury severity, post-injury period and outcome measures as contributing factors. Though heterogeneity was observed, these results indicate that visuospatial attention is significantly and largely affected by TBI at all severities and across all attention allocation types however the variation between individual effect sizes suggests the nature of this effect is likely to differ within these domains.

Further investigation of the causes of this degree of heterogeneity was warranted. Therefore, additional subgroup and moderator analyses were conducted to determine whether and how this deficit in visuospatial attention following TBI was affected by severity of TBI, time since injury, and participants age, as well as further analyses on task design, type of attention allocation and outcome measure.



Subgroup Analyses: Effect of Severity, Task Type, and Outcome Measure

Subgroup analyses of injury severity produced three effect sizes (see Table 5). As reported in the qualitative analysis, the literature typically grouped patients as mild (N = 30), moderate-to-severe (N = 30), or severe (N = 19), hence the effect size estimates were grouped in the same way. The results of this analysis are shown in Figure for different severity levels. The combined effect size for mild TBI was 0.32 with medium heterogeneity (I2 = 55.81%, Q = 65.62), while that of moderate-to-severe TBI was 0.95 with low heterogeneity (I2 = 23.08%, Q = 37.70), and for severe TBI the effect size estimate was 1.27 (I2 = 68.43%, Q = 57.02). A one-way between groups ANOVA comparing the effect of injury severity on visuospatial attention following TBI showed a significant between different subgroups [F(2, 76) = 24.14, p < 0.0001]. Post-hoc analysis using Tukey's multiple comparisons test revealed that the combined effect size estimate for mild TBI was significantly different from and lower than the estimates for both moderate-to-severe [mean difference (MD) = −0.63, p < 0.0001] and severe TBI (MD = −0.95, p < 0.0001), however moderate-to-severe TBI was not significantly different from severe TBI (p = 0.0759) (see Figure 3). The lack of significant difference between these groups may be explained by the literature grouping. Particularly, if the data could be separated into “moderate” and “severe” groups.


Table 5. Subgroup analysis of severity by task condition including effect size estimates and heterogeneity.
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FIGURE 3. Open and shaded symbols represent individual effect sizes while closed symbols represent combined effect sizes. Circles represent effect sizes from studies of mild TBI, squares represent moderate-to-severe TBI studies, and triangles represent severe TBI studies. Error bars represent 95% confidence intervals.


Subgroup analysis by task condition was also conducted. Initially, effect sizes were separated into visual search tasks, endogenous attention tasks, and exogenous attention tasks. The combined effect sizes for these groups were 0.98 (I2 = 72.42%, Q = 145.01), 0.70 (I2 = 53.22%, Q = 38.48), and 0.45 (I2 = 40.57%, Q = 31.97) respectively. Importantly, this indicates that TBI patients perform worse in higher order, attention demanding tasks such as visual search and endogenous attention allocation tasks compared with the bottom-up attention processing involved in exogenous attention tasks. As before, a one-way ANOVA was conducted to determine the effect of task type on attention processing following TBI. There was a significant effect of task type on performance by TBI patients [F(2, 77) = 5.660, p = 0.0051). Tukey's multiple comparisons post-hoc test was conducted to further investigate these relationships. Visual search task performance was significantly different from exogenous attention task performance (MD = 0.53, p = 0.0042), however performance in endogenous attention tasks was not significantly different from either of the other conditions (p > 0.2).

In order to further investigate the heterogeneity evident in these subgroups, a further breakdown of groups by task type was performed. The subgroups involved visual search tasks (N = 31), no cue conditions of endogenous and exogenous attention tasks (N = 10) (previously included in the visual search group), endogenous task with valid cue (N = 9), endogenous task with invalid cue (N = 10), and exogenous task (N = 20). The lack of available data for the exogenous invalid cue condition prevented meaningful analysis on cue type in this task. The combined effect size estimates for these subgroups respectively, were 1.13 (I2 = 73.49%, Q = 113.16), 0.54 (I2 = 39.71%, Q = 14.93), 0.92 (I2 = 0%, Q = 6.18), 0.49 (I2 = 69.12%, Q = 29.14), and 0.45 (I2 = 40.57%, Q = 31.97). A one-way ANOVA was conducted to determine the relationship between task design and reported visuospatial attention deficit. A significant relationship was identified [F(4, 75) = 6.159, p = 0.0002]. Visual search performance was significantly different from the no cue condition (MD = 0.59, p = 0.0428), endogenous invalid cue condition (MD = 0.64, p = 0.0214), and exogenous task condition (MD = 0.68, p = 0.0005). No other task comparisons were statistically significant (ps > 0.15). Clearly, despite this detailed analysis there is still a great deal of heterogeneity involved in some of the groups. This implicates injury severity, time since injury, and age as possible factors as changes in task design have not fully explained the variability.

An alternative investigation into the heterogeneity among task conditions is by TBI severity. Seven effect size estimates were calculated and are listed in their appropriate subgroups in Table 5.

Effect size estimates were not calculated for exogenous attention tasks in moderate-to-severe or severe TBI as these groups contained only three and two effect sizes, respectively and therefore insufficient for analysis. Qualitatively, the results reported for these groups were systematically smaller than the other subgroups for the same degree of injury severity. Additionally, the heterogeneity measures (I2) for endogenous attention tasks were 0% for all severity groups suggesting that these groups may also be over-analyzed. The results, therefore, should be interpreted with caution.

Further analysis of task condition in severity groups was not conducted so as to avoid over-analyzing data. Some conditions had only 1 or 2 effect sizes involved in their calculation when groups were broken down to the cue validity level, which would over-represent these effects. Qualitatively, however, when further investigation was conducted into the negative effect size produced in the endogenous attention task for mild TBI condition, all the negative effect sizes were attributed to invalid cueing conditions. These negative effect sizes suggest better performance by TBI patients than controls in this task condition. This lends weight to the supposition that TBI patients may not properly allocate attention with the directional cue. Hence, they do not exhibit an increase in reaction time when forced to reorient to a different target location, but rather treat the task more akin to a simple visual search condition.

The majority of studies reported response or completion time data, however, few studies reported data indicating task accuracy. A subgroup analysis of these data types was performed to determine if there were any differences in combined effect size and heterogeneity between these groups. The combined effect size for the subgroup that reported accuracy data was 1.67 (I2 = 69.60%, Q = 29.60) while the subgroup for response time data was 0.69 (I2 = 58.58%, Q = 166.58). These results indicate that whilst these groups have a similar degree of variability, accuracy is affected to a much greater degree than response time. However, this result may be confounded by the fact that the only studies that reported accuracy data were those of severe TBI patients, exacerbating the effect, and warrants further investigation.



Meta-Regression Analysis: Effect of Post-injury Period and Age

Preliminary analysis of the relationships between effect size, post-injury period, and age indicated signs of Simpson's Paradox in severity groups due to variance in sampling over participant age and post-injury period (Blyth, 1972; Wagner, 1982). In order to account for this, meta-regression analyses were conducted for each severity subgroup explored above. In both analyses, effect sizes were weighted by sample size.

The results of the post-injury period meta-regression analyses are presented in Figure 4. For mild TBI, the relationship between post-injury period and effect size was statistically significant (p = 0.031). The regression line shown in Figure 4A intercepts the X-axis at ~460 days, indicating recovery of visuospatial attention deficit over time. Similarly, the trend in moderate-to-severe TBI was also statistically significant (p = 0.002). Whilst the regression line does not cross the X-axis (see Figure 4B) in the sampled time period, the projected X-intercept occurs at 4,741 days, or ~13 years. In this analysis, the study by Rodríguez-Bailón et al. (2012) was excluded as they did not report time since injury. In severe TBI, the relationship was also statistically significant (p < 0.0001) with predicted X-intercept at 1,789 days (see Figure 4C). However, the lack of studies with varied post-injury periods is likely to have impacted this analysis and additional data may produce a different result.


[image: Figure 4]
FIGURE 4. (A) shows effect size estimates for studies of mild TBI, (B) shows that of moderate-to-severe TBI, and (C) includes effect sizes for severe TBI. Each figure includes the linear regression line estimate for each group.


Meta-regression analyses of the relationship between participant age and effect size estimates were conducted in severity subgroups and the results are presented in Figure 5. In mild TBI, the relationship between effect size and age was not statistically significant (see Figure 5A), suggesting that age does not have a significant impact on attention deficit due to injury. The relationship for moderate-to-severe TBI, shown in Figure 5B, was not significant (p = 0.095) indicating no improvement of attention deficit with age. Importantly, however, the lack of varied sampling (age range: 28.7–33.52 years) may have impacted the analysis and data reporting a wider age range could impact the results. Similarly, the relationship in severe TBI was statistically significant (p < 0.0001) but lacked a variety of age samples (see Figure 5C). In the severe TBI subgroup, Pavlovskaya et al. (2007) was excluded from this meta-regression as they reported age range only.


[image: Figure 5]
FIGURE 5. (A) shows effect size estimates for studies of mild TBI, (B) shows that of moderate-to-severe TBI, and (C) includes effect sizes for severe TBI. Each figure includes the linear regression line estimate for each group.





DISCUSSION

The purpose of the present study was to investigate, both qualitatively and quantitatively, the current evidence of visuospatial attention deficit in adults with TBI. Qualitative synthesis of previous studies on the topic assessed discrepancies in task designs, recruitment processes, and severity groups. An overall effect size and heterogeneity was generated through meta-analysis of the available response time and accuracy data assessing visuospatial attention following TBI. Additionally, subgroup meta-regression analyses were performed that examined the contribution of injury severity, task design, post-injury period, and age as moderating factors. Although, the assessment of visuospatial attention deficits is not a mainstream approach in the assessment of cognitive function in TBI, the present study has shown that its potential utility as means of assessing whether and the extent to which different aspects of attention are affected by injury. This may lead to further research and end user benefits (in clinical practice and assessment) that provide more efficient and sensitive tests to detect and monitor deficits in executive function following TBI. Furthermore, in depth understanding of the effects of TBI on visual attention may in the future inform education and health policy regarding the impact of TBI on cognitive functioning and everyday behavior.

The qualitative analysis investigated visuospatial attention deficits following mild, moderate-to-severe, or severe TBI as reported by previous studies. The types of attention tasks were either visual search tasks or required endogenous or exogenous allocation of attention with a visual cue and the majority of reported outcome measures were response times. Quantitative assessment of the presented data, which included 80 calculated effect size estimates from 16 studies, revealed a significant and large deficit in visuospatial attention following TBI (overall effect size = 0.79), however, there was a moderate degree of heterogeneity across studies (I2 = 68.39%). A large effect size indicates impaired attention allocation as a result of TBI and lends support to the use of such tasks as measures for characterizing cognitive outcome after injury. These findings are unique as this is the first review of this type of attention processing in TBI, however, previous meta-analyses of neuropsychological outcome following injury do support the notion of attention deficit after injury (Binder et al., 1997; Zakzanis et al., 1999; Belanger et al., 2005; Frencham et al., 2005).

A key source of heterogeneity in this analysis was TBI severity, with a small effect reported by studies of mild TBI (g = 0.32) and large deficits reported by studies of moderate-to-severe (g = 0.95) and severe TBI (g = 1.27). The effect size for mild TBI was significantly different from both moderate-to-severe and severe TBI, indicating greater deficits in attention allocation capacity with increased injury severity, as supported by previous reviews of neuropsychological outcome and attention following TBI (Hoofien et al., 2001; Dan Hoofien et al., 2002; Ponsford et al., 2008). The moderate-to-severe effect size estimate was not significantly different from the severe subgroup effect size, however, the lack of distinction between moderate and severe grades of injury in the literature likely contributed to this relationship. The serial increase in effect size between these groups, whilst not statistically significant, would suggest that separating data into moderate and severe subgroups would reduce variance, producing a significant difference.

Task design was another major source of variability and the different task types produced significantly different effect sizes between tasks, and across severity groups. Particularly, visual search (g = 0.98) and endogenous attention allocation tasks (g = 0.70) produced larger deficits when compared to exogenous attention tasks (g = 0.45) indicating that higher order attention processing is affected to a greater degree than lower order systems. Such processing dysfunction is consistent with similar deficits in executive function (Rabinowitz and Levin, 2014) and oculomotor functions in TBI (Mani et al., 2018) Both executive function and oculomotor function are highly linked with attention processing (Posner and Cohen, 1984; Corbetta and Shulman, 2002; Hunt et al., 2019) so it stands to reason that the patterns seen in these functions, characterized by more severe high order deficits, would be emulated by the trends in attention processing reported here.

One area of interest was the effect of cue validity on response time following TBI. Whilst there was no significant effect of validity within the endogenous task, when compared with a baseline visual search condition a significant difference was identified with endogenous invalid condition. Importantly, the cued condition had a significantly smaller effect size than the visual search task. Given that the majority of effect sizes referred to response time, this would indicate that in the endogenous invalid condition, TBI patients are less impaired than in the visual search condition. Despite an overall slowed cognitive processing, this would suggest relatively intact spatial reorienting ability. On the other hand, the endogenous valid cue condition was not significantly different from the visual search condition, indicating impaired attention allocation with a directional cue. Collectively, these results indicate impaired endogenous attention allocation. The reduced effect size in the invalid cue condition may be linked to a lack of attention allocation with the cue. By failing to properly utilize the cue, TBI would appear to treat the task more akin to a visual search task and do not need to reorient attention thus producing reduced response time cost when compared to controls. This is supported by the qualitative evidence that in the mild TBI subgroup, all but one effect size for the endogenous invalid condition was negative suggesting better performance in this task by the TBI groups.

In the exogenous task, a significant relationship was identified with the visual search condition. The significantly smaller effect size in the cued task would indicate relatively intact bottom-up attention allocation. It is important to note that only 2 of the included studies involved an invalid exogenous cue condition hence there was no meaningful analysis able to be conducted for this condition. There is much need for research targeted toward clarifying the degree of deficit in exogenous allocation of attention, particularly including an invalid condition.

The particular nature and extent of these attention deficits following TBI are unclear. Future research should aim at isolating and characterizing their implications in the lives of patients. Some potential areas of interest are endogenous attention influences on binocular rivalry and bistable perception. The former was addressed in healthy individuals by Chong et al. (2005) and the latter investigated by Brouwer and van Ee (2006). Chong and colleagues identified prolonged dominance durations in binocular rivalry tasks in healthy individuals when endogenous attention is engaged. They also simulated the effect of this attention engagement by increasing the contrast of the dominant stimulus, suggesting that top-down attention control engages a bottom-up perceptual change to increase salience and maintain attention engagement. Since endogenous attention engagement appears to be impaired in TBI, the same effect may not be identified in injured participants. Further, the impact of engaging exogenous attention by increasing stimulus salience may be lost, reduced or even exacerbated following TBI. Exacerbation of the effect could indicate difficulty with disengaging exogenous attention, an area which has been sparsely investigated to date as identified by the present study.

Brouwer and van Ee (2006) found that the physical parameters of a perceptually bistable stimuli constrain endogenous attention control mechanisms in controls. The voluntary engagement of top-down attention control decreased stability durations overall, however the degree of change was dependent on changes in the exogenous stimulus characteristics, dot-density, and angular velocity. Here, again, it is the relationship between endogenous and exogenous attention that is critical to high order perception. The identified attentional deficits following TBI may see a reduced impact of voluntary perceptual switching as endogenous attention engagement is impaired and therefore unable to help actively switch between the two possible interpretations of the ambiguous stimulus. In addition, impairment in global dot form and motion perception (Alnawmasi et al., 2019) after injury may affect perceptual stability. This is particularly relevant as Brouwer and van Ee indicated that “competition between perceptual interpretations during structure-from-motion appears to occur between surface-based representations rather than between individual elements” (Brouwer and van Ee, 2006, p. 3393). Impaired global dot motion perception may alter or impede perception of a bistable structure-from-motion stimulus in individuals who have sustained TBI. Compounding this, if bistable perception is successful, TBI patients may exhibit reduced ability to voluntarily switch between interpretations by engaging endogenous attention and hence rely on exogenous stimulus characteristics to drive perception. Since higher order processing is significantly affected as a consequence of TBI, conducting these kinds of attention dependent high order tasks in a TBI population may help illustrate the nature of deficit and aid in the development of more optimal therapeutics and rehabilitation programs for patient care.

Subgroup analysis of the reported outcome measure revealed significantly larger effect sizes from measures of accuracy as compared to response time. This would implicate impaired decision-making rather than slowed processing as the key issue following TBI. Whilst slowed cognition is a well-researched phenomenon associated with TBI (Madigan et al., 2000; O'Jile et al., 2006; Willmott et al., 2009; Dymowski et al., 2015) impaired decision-making has also been identified following injury, particularly moderate and severe injuries (Martens et al., 2012, 2013; Wood and McHugh, 2013). In light of this, it is likely that both factors contribute to the effects reported in the present study. It should also be noted that the accuracy subgroup consists of studies of severe TBI only, hence the reported effect may have been artificially inflated by these larger effect sizes.

Meta-regression analyses within severity subgroups revealed significant improvement in visuospatial attention over time following injury. All severity groups showed statistically significant improvement with post-injury period, although only the mild TBI group suggested complete recovery within the sampled time period. These regression analyses lend weight to the possibility for these task measures to be used in the monitoring and prognostication of TBI. They may also be used to help determine the efficacy of treatment and rehabilitation programs in improving cognitive function after injury.

There is significant clinical need for reliable, accurate and cost-effective markers of attention deficit following injury (Dambinova et al., 2016; Wang et al., 2018) and these tasks, if designed systematically to reduce variability, may be able to help satisfy this need. While neuroimaging techniques are often used as primary indicators for cognitive function (Levin et al., 1987; Eisenberg and Levin, 1989; Belanger et al., 2007; Mayer et al., 2011; Rabinowitz and Levin, 2014; Dambinova et al., 2016) these are impractical and too expensive to be used in regular clinical practice and condition management. Hence, investigation into other technologies that may be used in conjunction with these tasks to assist in determining the level of cognitive deficit after injury is a growing area of research. In particular, video-based eye-tracking technology for eye movement and pupil size monitoring has become an area of increasing interest (Ciuffreda et al., 2017; Gallaway et al., 2017; Capó-Aponte et al., 2018; Mani et al., 2018; Walz et al., 2020). There is immense potential in this area as pupillometry and eye-tracking provide fast, non-invasive and objective measures of attention processing (Daniels et al., 2012; Hunt et al., 2019; Lasaponara et al., 2019) and have been used in the past to identify and quantify attention deficit in TBI (Heitger et al., 2009; Hunt et al., 2016; Snegireva et al., 2018; Walz et al., 2020) and other cognitive and neurodegenerative disorders (Karatekin et al., 2010; MacAskill and Anderson, 2016; Wang et al., 2016; Granholm et al., 2017; Turi et al., 2018).

When meta-regression analyses were conducted in severity subgroups, there was no significant change in effect size with participant age, except for the severe TBI group which had very limited age range sampling. There is a need for more data in order to say this with certainty, but the evidence at this stage indicates that the impact of TBI on visual attention is the same across all age groups.

TBI causes a large degree of visuospatial attention deficit. The degree of deficit increases with injury severity although it does show improvement over time at all severity levels. Importantly, high order attention processes such as endogenous allocation of attention and the complex processes involved in un-cued visual search are affected to a greater degree than lower order, bottom-up attention processes. In more detail, TBI patients exhibit an impaired ability to allocate attention when required to utilize top-down attentional control with a directional cue, and struggle to disengage from an incorrect spatial cue. These notable outcomes provide strong evidence for the use of these kinds of tasks as informative functional markers for attention and cognition after TBI. They may be used for monitoring recovery or tracking the efficacy of treatment and rehabilitation programs in improving cognitive function. The evidence that TBI significantly impacts visual attention is affirmed and a need for further research to systematically assess this deficit has been identified.



LIMITATIONS

There were several limitations to this study. In particular, there were a number of sources of heterogeneity that could not be fully described. Etiology was not well-reported amongst studies and therefore was a likely source of variability. Future researchers should aim to investigate the contribution of etiology to attention deficit after TBI, particularly with growing accounts of blast-related injuries in armed combat. In addition, injury related factors such as intracranial pressure, injury to the orbit and length of in care might also be contributing factors to the heterogeneity observed in the present study, particularly with moderate and severe TBI cases. Unfortunately, such details are not usually reported in TBI studies on visual attention, and future studies may wish to consider noting the characteristics of the TBI injury.

Task design remains a significant source of variability between studies. In particular, visual search task paradigms can vary widely between studies from timed cancellation tasks to the no/neutral cue conditions of the Covert Orienting of Attention Task and Attention Network Test. A systematic assessment of all the analyzed conditions is needed to help reduce this variability and aid in the understanding of attention allocation and processing. Importantly, the reorienting process for exogenously allocated attention is in dire need of investigation as only two of the included studies involved an invalid exogenous cue condition with very different results (effect sizes of 0.63 and 2.21). Until more data is collected in this condition, it is unclear just how exogenous attention engagement and disengagement is affected following TBI.

Future research should focus on the development of a valid paradigm which includes an un-cued condition as well as valid and invalid conditions for both endogenous and exogenous attention allocation tasks. These tasks should also look at response time and accuracy as key measures to help confirm or clarify the reported distinction between these two outcome measures.

Another identified gap in the literature was the under-sampling of some age ranges and post-injury periods. Additional data to contribute to each severity group, particularly the severe subgroup, would help paint a clearer picture of the process for recovery of attention deficit after TBI. More data focusing only on moderate TBI may be useful to distinguish whether this visual attention deficit continues to degrade with increased injury severity, or if the moderate and severe TBI remain similar.
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Purpose: A stroke that includes the primary visual cortex unilaterally leads to a loss of visual field (VF) representation in the hemifield contralateral to the damage. While behavioral procedures for measuring the VF, such as perimetry, may indicate that a patient cannot see in a particular area, detailed psychophysical testing often detects the ability to perform detection or discrimination of visual stimuli (“blindsight”). The aim of this study was to determine whether functional magnetic resonance imaging (fMRI) could be used to determine whether perimetrically blind regions of the VF were still represented in VF maps reconstructed on the basis of visually evoked neural activity.

Methods: Thirteen patients with hemianopia and nine control participants were scanned using 3T MRI while presented with visual stimulation. Two runs of a dynamic “wedge and ring” mapping stimulus, totaling approximately 10 min, were performed while participants fixated centrally. Two different analysis approaches were taken: the conventional population receptive field (pRF) analysis and micro-probing (MP). The latter is a variant of the former that makes fewer assumptions when modeling the visually evoked neural activity. Both methods were used to reconstruct the VF by projecting modeled activity back onto the VF. Following a normalization step, these “coverage maps” can be compared to the VF sensitivity plots obtained using perimetry.

Results: While both fMRI-based approaches revealed regions of neural activity within the perimetrically “blind” sections of the VF, the MP approach uncovered more voxels in the lesioned hemisphere in which a modest degree of visual sensitivity was retained. Furthermore, MP-based analysis indicated that both early (V1/V2) and extrastriate visual areas contributed equally to the retained sensitivity in both patients and controls.

Conclusion: In hemianopic patients, fMRI-based approaches for reconstructing the VF can pick up activity in perimetrically blind regions of the VF. Such regions of the VF may be particularly amenable for rehabilitation to regain visual function. Compared to conventional pRF modeling, MP reveals more voxels with retained visual sensitivity, suggesting it is a more sensitive approach for VF reconstruction.

Keywords: cortical blindness, visual cortex, residual vision, population receptive field, visual field (VF)


INTRODUCTION

The visual field (VF) is the region of the world that we can perceive and in the healthy human binocular visual system the VF subtends more than 200° (Spector, 1990), allowing us to approximately monitor half of the scene around us at any one instance. Damage to either the eyes or to the brain can reduce the field of view that can be perceived. When the VF is reduced due to retinal damage to one eye, the other can cover much of the region of lost function. However, when damage occurs in the visual pathway beyond the optic chiasm, the representation of one half of the VF is lost in both eyes, known as homonymous hemianopia (or hemianopia for short).

Standard methods for objective VF examination, i.e., standard automated perimetry (SAP), rely on the participant consciously reporting the presentation of visual stimuli (most commonly small points of light of differing intensity) at static and fixed locations. This type of examination in an observer with hemianopia will typically reveal a partial or full loss of unilateral VF contralateral to the lesioned hemisphere. However, this type of test, while critical for practical issues such as suitability for driving, does not reveal any non-conscious vision that is often present in patients with hemianopia (Stoerig and Cowey, 1989, 1992, 1997; Weiskrantz, 1993, 1996; Tomaiuolo et al., 1997; Tamietto and de Gelder, 2008; Ajina et al., 2015; Ajina and Bridge, 2018, 2019; Danckert et al., 2019; Sanchez-Lopez et al., 2020). The definition of regions of the VF as “blind” based on perimetric measures additionally does not reflect the finding that stimulation within this blind field can lead to neural activity in the visual areas of the brain (Barbur et al., 1993; Morland et al., 2001; Bridge et al., 2008; Radoeva et al., 2008; Tinelli et al., 2013; Papanikolaou et al., 2014; Schneider et al., 2019; Sanchez-Lopez et al., 2020). Disadvantages of SAP therefore consist of its low spatial specificity, the high performance and attention required by the participant, the fact that it only captures conscious vision and its limited flexibility in testing stimuli.

Functional magnetic resonance imaging (fMRI) techniques that involve systematic stimulation of the VF with highly salient visual stimuli can provide an alternative method to determine regions of the VF that lead to neural activation. In particular, population receptive field (pRF) mapping provides the ability to determine both the location and size of neural responses within the VF (Dumoulin and Wandell, 2008), an approach that has now been used extensively in the healthy and diseased human visual system (Wandell and Smirnakis, 2009; Haak et al., 2012; Dumoulin and Knapen, 2018; Silson et al., 2018; Ahmadi et al., 2019; de Best et al., 2019; Halbertsma et al., 2019). More specifically, Papanikolaou et al. (2014) and Haak et al. (2014) measured pRF size and location in primary visual cortex in a small number of patients with hemianopia, and concluded that there was very little plasticity following damage. A later paper revealed that it was also possible to map pRFs in human motion area hMT+ within the blind field, indicating that these responses are not sufficient to induce conscious vision (Papanikolaou et al., 2019). Interestingly, a very recent study investigating the effect of perceptual training in hemianopia showed that regions of the VF that exhibited neural activity prior to training were more likely to show improved visual function on perimetry after training (Elshout et al., 2021). Therefore, fMRI based mapping may overcome the disadvantages of SAP, as it allows for high-spatial frequency stimulation of the VF, requires passive viewing by the participant and is flexible regarding the testing stimuli that can be used (for example: Alvarez et al., 2015; Zuiderbaan et al., 2017; Yildirim et al., 2018), and may allow for capture of visual processing that remains uncaptured by SAP.

Understanding where there is neural tissue that still responds to visual stimulation is important for targeting visual rehabilitation programs, since many use relatively small stimuli. Therefore, it would be useful to employ an approach that can indicate a map of the VF that reflects responsive neural tissue without requiring participants to make decisions about whether a particular stimulus was present or absent and with high spatial specificity.

Here we probed the potential of two different pRF-based mapping techniques to allow reconstruction of the VF in people with hemianopia. One is a conventional, yet fast, approach (pRF-mapping; Dumoulin and Wandell, 2008) and the other, a more computationally demanding one, known as micro-probing (MP) (Carvalho et al., 2020). While both techniques can reconstruct a VF with good correspondence to a simulated VF defect (Papanikolaou et al., 2015; Hummer et al., 2018; Prabhakaran et al., 2020; Carvalho et al., 2021), MP has the potential to reveal any existing multiple or bilateral VF representations that may underlie unconscious or blindsight capacities in hemianopia (Muckli et al., 2009; Fracasso et al., 2016; Carvalho et al., 2020). Therefore, we hypothesized that both mapping techniques can reconstruct the VF in patients with hemianopia, as determined by perimetry, but may reveal additional responsive regions undetected by perimetry. Furthermore, we expected MP to provide us with a finer-grained representation of the patients’ VF.



MATERIALS AND METHODS


Participants

Thirteen patients (four female) and eight controls (three female) were included in this study. Twelve of the patients had sustained a stroke and one had undergone benign tumor resection involving unilateral damage to the primary visual cortex which resulted in homonymous quadrantanopia or hemianopia. VF examinations were performed on the patients with either the Esterman (one patient) perimetry or the humphreys field analyzer (HFA) using the 24-2 or 30-2 grid and the SITA-Fast or the SITA-Standard. Whereas the Esterman makes a distinction between sighted and blind locations of the VF, the HFA denotes the contrast sensitivity (in dB) at various VF locations where higher values represent higher sensitivity. Blindsight examinations were performed on the patients as part of a previous study (Ajina et al., 2015). Ten of the patients were classified as “blindsight positive” on a motion detection task with a 5° or 8° diameter stimulus. Blindsight was defined as achieving either an average score, or a score for stimuli of 100% contrast, that was significantly above chance using a statistical threshold of p < 0.01 and a cumulative binomial distribution. This was despite a perimetry threshold p < 0.005 or <−20 dB (whichever was more stringent) for pattern deviation at the stimulus location, compared to age-matched controls. Of the thirteen patients, ten had VF loss that allowed for visual stimulus test locations within 6.5° of central fixation (the region visible in the fMRI scanner). Eight of those patients were blindsight positive, and two were blindsight negative. Written consent was obtained from all participants, who had normal or corrected-to-normal vision, no visual neglect, and no eye or neurological diseases (other than the cause of the hemianopia, in case of patients). Ethical approval was provided by the Oxfordshire Research Ethics Committee B (Ref B 08/H0605/156). Participant demographics are presented in Table 1.


TABLE 1. Patient demographics and blindsight status.
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MRI Scanning Procedure

To reconstruct the VF for each participant, they took part in a VF mapping experiment during which we acquired two fMRI scans (each ∼5 min). The mapping stimulus shown to the participants was a simultaneous “wedge and ring” stimulus (Alvarez et al., 2015, see Figure 1A) with a dynamic high-contrast pseudo-checkerboard pattern (see Figure 1B). The stimulus radius had a VF coverage of 6.5° of visual angle. The wedge subtended 18° and the ring size varied with eccentricity following a logarithmic function. During Scan 1, the wedge started at 3 o’clock and rotated clockwise around a fixation point, while the ring expanded simultaneously starting from the most extracted position. During Scan 2, the wedge started at 3 o’clock and rotated counter clockwise, while the ring contracted simultaneously starting from the most eccentric position. Each 288 s scan consisted of two cycles of 120 s, in which the stimulus advanced every 2 s (i.e., 1 TR), followed by a blank period of 48 s. For patients P1 and P2, the stimulus was squeezed and thus did not cover the full 6.5° in the vertical dimension. For patient P1, the sequence of Scan 1 was repeated during Scan 2. See Figure 1C for an illustration of one stimulus cycle.
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FIGURE 1. An illustration of the stimulus. (A) Image of the combined wedge-ring stimulus with the carrier (see B). (B) The stimulus carrier, a dynamic high-contrast pseudo-checkerboard pattern that varied in spatial frequency and phase. (C) Static binarized images of every 8th second of a full stimulus cycle of 120 s. During Scan 1, this cycle was repeated twice followed by a blank period of 48 s. During Scan 2, the cycle reversed, yet with the wedge starting again at 3 o’clock.


During the experiment, participants performed a simple attention task to control for central eye fixation. They were instructed to fixate at all times on the blue dot in the center of the screen and press a button on a response box when the dot changed color. An EyeLink 1000 eye tracker (SR Research Limited) was used to confirm fixation by recording eye movements.



MRI Data Acquisition and Processing

Each participant underwent one or two MRI session(s) as part of a larger study at the Oxford Centre for Functional MRI of the Brain (FMRIB), Oxford, United Kingdom using a Siemens MAGNETOM Verio 3T MRI scanner1 with a 32-channel head coil. fMRI data were always collected in the same session, but the structural scan was sometimes from another session.


Anatomical Acquisition and Pre-processing

For each participant we acquired a high-resolution whole-head T1-weighted MPRAGE scan (voxel size = 1 mm isotropic, TE = 4.68 ms, TR = 2040 ms, field of view = 200 mm2, flip angle = 8°). The anatomical images were processed using the FreeSurfer segmentation tool (Dale et al., 1999) as implemented on brainlife.io, a free cloud platform for neuroscience data analysis, to obtain a gray-white matter segmentation. When necessary, this automatic segmentation was manually refined using the ITKGray segmentation software (Yushkevich et al., 2006).

In addition, the anatomical images were parcellated into 12 visual responsive cortical regions per hemisphere (i.e., V1, V2, V3, hV4, VO1, VO2, LO1, LO2, TO1, TO2, V3b, and V3a), using the neuropythy python library (Benson and Winawer, 2018) implemented on brainlife.io. For the main analysis, a single large visual cortex region of interest (“visual cortex ROI”) consisting of all twelve parcellated visual regions was constructed. In addition, a significantly smaller motion area hMT+ ROI was formed from the combination of TO1 and TO2 (Amano et al., 2009). By generating a separate VF reconstruction based on fMRI data within hMT+ only, we can investigate its specific contribution to a participant’s reconstructed VF. For secondary analyses of the MP data, the cortical regions were divided into an “early” visual cortex ROI consisting of V1 and V2 and an “extrastriate” cortex ROI which included the remaining regions.



Functional Data Acquisition and Pre-processing

For each participant, the two functional scans were acquired using echo planar imaging (EPI) (148 volumes; voxel size = 3 mm isotropic, 34 transverse slices, TR = 2000 ms, TE = 30 ms, flip angle = 90°). Four dummy volumes were acquired at the beginning of each scan in order for the magnetization to stabilize to a steady state. The total imaging time per scan was therefore approximately 5 min and a total of 10 min of data were used for the analysis.

Functional data were analyzed using VISTASOFT, a software package for analyzing (f)MRI data using MATLAB2. Pre-processing steps included slice-timing correction and a between and within scan motion correction (Nestares and Heeger, 2000). Time-series corresponding to the same stimulus cycles were averaged, as well as those corresponding to the blank period, to increase the signal:noise ratio of the data. The averaged time-series were aligned to the anatomical image and resampled to a 1 mm isotropic resolution using trilinear interpolation.




Visual Field Mapping Techniques

We used two different fMRI-based VF mapping techniques: a conventional yet fast one (pRF mapping; Dumoulin and Wandell, 2008), and a more detailed yet computationally more demanding one (MP; Carvalho et al., 2020).


Conventional Population Receptive Field Mapping

In the conventional pRF mapping technique, the response of a population of neurons (i.e., a voxel) is modeled to find its receptive field (RF). This is done by fitting a 2D-Gaussian to each voxel’s time-series with three free parameters: x0, y0, and σ. For the best model fit, these parameters correspond to the x and y coordinates of the preferred center location and the width of the voxel’s RF, respectively. For flowchart of the pRF fitting procedure, see Figure 2A. PRF modeling was performed for all voxels within our ROIs using the VISTASOFT toolbox in MATLAB and using SPM’s canonical hemodynamic response function (HRF). For examples of pRF derived eccentricity maps for both a patient and a control participant, see Supplementary Figure 1 of the Supplementary Material.
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FIGURE 2. Population receptive field (pRF) and MP fitting: (A) Flowchart of fitting procedures. Conventional pRF fitting procedure: First, a two-dimensional Gaussian pRF is defined using three parameters: x and y (for its center location), and σ (for its width). The pRF response is predicted by calculating the overlap between the pRF (2D Gaussian) and the stimulus aperture. Next, this predicted response is convolved with an HRF function in order to obtain a time-series prediction for a particular voxel. For all possible pRFs, these predicted time-series are iteratively tested to fit a voxel its actual time-series. The optimal pRF properties correspond to ones that result in the best pRF fit (i.e., the one with the highest variance explained) per voxel. For a more detailed explanation of this fitting procedure, see Dumoulin and Wandell (2008). MP fitting procedure: The MP fitting procedure is based on the conventional pRF fitting procedure. Here, a Bayesian Markov Chain Monte Carlo (MCMC) sampling approach was used to fit a 2D Gaussian probe to voxels time-series. With this approach, the probe’s center location (x, y) is based on two latent variables and the width (σ) is small and fixed (here we used σ = 0.01°). Like the pRF procedure, a voxel’s predicted response was calculated and convolved with an HRF function before fitting it to the voxel’s actual response. The fit is done using likelihood, which allows the update of the latent variables (x, y), for the next iteration. The MCMC sampling approach therefore allowed for an efficient sampling of the VF, where the regions in visual space with better fits are more highly sampled. To this end, MP provides a single probe map per voxel, consisting of many probe locations with their corresponding variance explained, reflecting the sampling density of that particular voxel. For a more detailed explanation of this fitting procedure, see Carvalho et al. (2020) (Figure adapted from Carvalho et al. (2020); used with permission). (B) Example fits for a single voxel. Simulations of pRF- and MP fit to the actual time-series of a single voxel, using the pRF parameters of the conventional pRF and the MP best fit. The flat line at the start corresponds to the blank period. For more details on how to extract the pRF parameters for MP, see Supplementary Figure 2 of the Supplementary Material.




Micro-Probing

In MP, the response of a population (i.e., a voxel) or subpopulation of neurons (within a voxel) is modeled to find its RF. This is done by applying a large number of “micro-probes,” tiny 2D Gaussians with a small standard deviation (0.01°), to fit a voxel’s time-series while sampling across the entire stimulus space. The sampling of the visual space is done using Bayesian Markov Chain Monte Carlo (MCMC) approach, resulting in the regions of the visual space that best fit a voxel’s response being more densely sampled. For flowchart of the MP fitting procedure, see Figure 2A. A total of 10000 micro-probes were used to determine the VF sampling for every voxel within our ROIs. For computational benefits (parallel estimation), we divided both our visual cortex ROIs into three equally sized sub-ROIs. The MP approach resulted in one sampling density map for every voxel within our ROIs, with the probes weighted by their respective explained variance. Unlike the conventional pRF mapping, MP allows for the reconstruction of a detailed VF coverage of a single voxel, including the possibility of revealing multiple clusters of probes with high variance explained (VE) (i.e., pRFs) and of various shapes. Figure 2B shows an example of a pRF and MP fit for a single voxel.




fMRI Based Visual Field Reconstruction

The two mapping techniques described above allow for a reconstruction of the VF by back-projecting the derived RF properties of all voxels within our ROI onto the VF. The resulting reconstruction–a coverage-map (CM)–reflects the VF sampling density of the modeled visual cortex ROIs. Since a high sampling density is likely to reflect reliable neural responses in the sampled VF location, this CM can indirectly reflect VF sensitivity of the ROIs.


pRF Based Visual Field Reconstruction

Only the pRF models with a minimum VE of 15% and with a maximum eccentricity of 6.5° were used for the VF reconstruction. For the hMT+ ROI this led to an average removal of 87.8% (SD = 8.1) and 90.6% (SD = 8.9) of the voxels for the controls and patients, respectively. Due to these high numbers of bad model fits, no reliable VF reconstructions could be made based on hMT+ data alone. Hence, only pRF-based VF reconstructions using the fMRI data of the entire visual cortex were made.

First, for each participant, a single CM was reconstructed for the left and right visual cortex ROI by summing the pRF models of the thresholded voxels (VE > 15%) within the ROI and by weighting them by their respective VE. Then, individual full-field CMs were created by averaging the CMs across hemispheres and by normalizing the resulting CM to a 0–1 range. Next, to correct for the high sampling density in the center of the VF, as a result of cortical magnification, and to make the VF reconstructions comparable across participants, the individual CMs were normalized using a normative VF map. For the patients, the normative map was the average of the normalized CMs of all controls. For the controls, the normative map was the average of the normalized CMs of all controls minus the one in question. For each participant, this resulted in a VF reconstruction for the visual cortex ROI denoting the normalized sampling density throughout the VF.



MP Based Visual Field Reconstruction

For each participant, the micro-probe maps for each voxel were first converted to a single CM (i.e., heat maps of a 26 × 26 bin grid weighted by the probes’ VE) and then summed across all the voxels in each ROI. In order to be included in the VF reconstruction, at least one bin of the CM had to have a minimum VE of 15%. For hMT+ this led to an average removal of 81.8% (SD = 1.1) and 93.3% (SD = 7.8) of the voxels for the controls and patients, respectively. Due to these high numbers of bad model fits, no reliable VF reconstructions could be made based on hMT+ data alone. Hence, as for the pRF technique, only MP-based VF reconstructions using the fMRI data from the visual cortex ROIs were made.

Then, for each hemispheric sub-ROI, a CM was reconstructed by summing the CMs of the thresholded voxels within the ROI. Next, individual full-field CMs were created by averaging the CMs of all six sub-ROIs and by normalizing the averaged CM to a 0–1 range. Finally, this CM was normalized using a normative VF map, as described in section “MP Based Visual Field Reconstruction,” which resulted in a single CM for the visual cortex ROI denoting the total deviation of sampling density of the VF. For the illustration of the MP VF reconstruction pipeline, see Figure 3 (adapted from Carvalho et al. (2020); used with permission).
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FIGURE 3. Pipeline of the VF, or coverage map, reconstruction of a patient using MP. Probe-maps are converted to single CMs per voxel. CM of voxels within a ROI are summed and CM across ROIs are averaged. Individual full-field CMs are normalized to a 0–1 scale and divided by a normative VF map. The resulting total deviation plot indicates whether the deviation is within normal limits (i.e., the 90% CI depicted in white) or below and above normal limits, as depicted by the gray and green tones, respectively.




Comparison of Perimetric VF and fMRI Based VF

First, we converted the normalized CMs to a dB scale by taking the 10 × log10 of the sampling density values, making them comparable to the Total Deviation sensitivity plots (in dB) of the HFA perimetry test. Note that, from here onward, we use the term VF sensitivity to describe the VF coverage as derived with the fMRI techniques. Yet, strictly speaking, it reflects a relative sampling density which is not fully equivalent to the threshold sensitivity as determined using HFA.

We then plotted frequency distributions of the obtained VF sensitivities for the control, patients’ healthy and patients’ lesioned hemisphere, together with the 90% CI boundaries. To be able to visually and intuitively compare the reconstructed and perimetric VFs, we identified the 90, 96, 98, and 99% CI boundaries of the control VF sensitivity and scaled the color bar of the reconstructed VFs such that less than 5%, between 5 and 95% and more than 95% were visualized as below, within or above normal limits, respectively.



Comparison of pRF and MP Sensitivities

To test whether pRF and MP resulted in similar VF reconstructions, we compared the VF sensitivity estimates of both techniques. For this, we displayed the quantiles of the VF sensitivity distributions using a quantile-quantile plot, for the control, patients’ healthy and patients’ lesioned hemispheres. In case of similar sensitivities, the plot should appear approximately in line with a linear reference. Furthermore, to explore the relationship between the VF sensitivities, we made a scatter plot and fitted a polynomial curve using the least squares method.





RESULTS

For all thirteen patients, visual inspection suggested a good correspondence of both fMRI-based VF reconstructions to the perimetric VF. For some patients, the fMRI-based VF reconstructions revealed sensitivity in parts of the VF that were considered as “blind” by perimetry. Furthermore, VF sensitivity is depicted in more detail and with higher sensitivities using MP, compared to pRF. Figure 4 shows the reconstructions and VF of two example patients (P11 and P13). For Patient 13 (top row), all three measures of the VF show excellent correspondence. In contrast, for Patient 11 (lower row) the MP derived VF is larger than the pRF derived VF.
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FIGURE 4. Comparison of the two fMRI-based VF reconstructions with the perimetric VF. Total deviation values are color coded according to the CI intervals of the Total Deviation distributions of the controls where white indicates the deviation to be within normal limits (i.e., the 90% CI) and the gray and green tones below (lower 5%) and above (upper 5%) normal limits, respectively. The zeros (upper) and black squares (lower) in the perimetric plots (panel on the right) indicate the VF locations that are considered blind. The red circle indicates the part of the VF that could be reconstructed with the fMRI-based approaches. Top row: example patient in whom both fMRI-based VF reconstructions show a high degree of correspondence to the perimetric VF plots. Bottom row: example patient with a high correspondence between the pRF-based VF reconstruction and the perimetric VF, while the MP-based VF reconstruction reveals a substantially larger VF coverage.



Distributions of VF Sensitivity

Figures 5A,B show the distribution of VF sensitivities in the controls and the patients for the pRF and the MP technique, respectively. For the controls, 90% of the VF sensitivity fell within the range of −2.7 dB and +1.9 dB for the pRF mapping and −2.2 dB and +1.3 dB for the MP technique. In the healthy hemisphere of the patients, these boundaries corresponded to −12.3 dB and +0.7 dB for the pRF mapping and −3.7 dB and +1.7 dB for the MP technique. In the lesioned hemisphere, 90% of the VF sensitivity fell within a range of −30.0 dB and +2.7 dB for the pRF mapping and −10.5 dB and +2.6 dB for the MP technique.
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FIGURE 5. Distribution plots of VF Sensitivity. The distribution of the VF sensitivities of both the controls and patients for the pRF mapping (A) and the MP (B) techniques. The solid blue, green, and pink lines indicate the 90% boundaries of VF sensitivity for the controls, patients’ healthy and patients’ lesioned hemisphere, respectively.


Table 2 lists the VF sensitivities at the boundaries of the 90, 96, 98, and 99% CIs. One point to note is that in the lesioned hemisphere of the patients both the pRF and MP techniques identify a number of voxels that appear to have increased sensitivity relative to the control data, indicated by the positive red values in Figure 5. The reason for this apparent increase in neural sensitivity is unclear, but it could reflect enhanced ipsilateral activation of responsive voxels in the lesioned hemisphere to stimuli presented in the sighted field. This has previously been shown to be present in a study using a similar population (Ajina et al., 2015).


TABLE 2. CI boundaries of VF sensitivity.
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Good Correspondence Between fMRI Based VF Reconstructions and Perimetric VF

Figure 6 shows the pRF based (upper panel) and MP based (lower panel) VF reconstructions for four control participants. The vast majority of points in their VF reconstructions show activity within the normal range. However, C3 appears to show reduced activity in the lower field, but this is unlikely to reflect a “real” loss of visual sensitivity. Rather it could be explained by experimental issues such as reduced visibility at the edge of the stimulus. Across all controls, there were very few regions showing such reduced coverage.
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FIGURE 6. Example VF reconstructions. VF reconstructions for both the pRF mapping (upper panel) and MP technique (lower panel) for 4 control participants. In these plots, white pRF or MP-based coverage indicate VF sensitivity to be within normal limits (90% CI), the gray and green patches indicate a VF sensitivity below (lower 5%) or above (upper 5%) normal limits, respectively. Only the central 6.5° were reconstructed, reflecting the region of the VF stimulated during the VF mapping.


Figure 7 shows the VF reconstructions of all patients based on pRF (left column) and MP (middle column). The right column shows the perimetric VF, with the dashed red circle indicating the VF stimulated by the VF mapping stimulus (i.e., 6.5°). In the VF reconstructions, white regions indicate a VF sensitivity within normal limits (i.e., the 90% boundaries of the control distribution) while the gray/black and green regions indicate below (<−2.73 dB for pRF or <−2.23 for MP) and above (>+1.87 dB for pRF or >+1.27 for MP) normal limits, respectively. The dashed orange line outlines the blindsight stimulus boundary in the ten patients whose test location overlapped with the VF mapping stimulus.
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FIGURE 7. Comparison of the two different fMRI based VF reconstructions to perimetry. Figure shows the pRF- (left column) and MP-based VF reconstruction (middle column) and the perimetric VF (right column) for the thirteen patients. White pRF or MP-based coverage indicate VF sensitivity to be within normal limits (90% CI), the gray and green patches indicate a VF sensitivity below (lower 5%) or above (upper 5%) normal limits, respectively. The perimetric VF of P1 is measured with an Esterman VF test and denotes the VF locations where a presented stimulus was seen (circle) or missed (black square). The perimetric VFs of P2, P5, and P10 are measured with HFA and are graphical representations of the measured contrast sensitivity across the VF, where the darkness reflects lack of sensitivity, such that black is considered blind. The perimetric VFs of P13 were measured with HFA and have numerical representations of the measured contrast sensitivity across the VF, and lower values reflect lower sensitivity with zero is considered blind. The perimetric VFs of P3, P4, P6, P7, P8, P9, P11, and P12 are measured with HFA and are graphical representations of the Total Deviation of the measured contrast sensitivity across the VF, which means the more textured a pixel the more it deviates from normative data. Black pixels are considered blind. Dashed orange lines indicate stimulus location used in blindsight testing. The red circle in the perimetric VF indicates the VF coverage that could be measured with fMRI (i.e., the inner 6.5°), the part of the VF not covered with fMRI has faded out. The “+” after the patient number denotes the patients that were tested positively for blindsight.


The perimetric VF image of P1 is an Esterman plot and denotes the VF locations at which the stimulus was either seen (circle) or missed (black square). The perimetric VF images of P3, P4, P6, P7, P8, P9, P11, and P12 are HFA’s Total Deviation probability plots. Total Deviation plots denote the probability that a given deviation in contrast sensitivity lies within the normal range for the patient’s age, with the textured pixels representing a probability of 5% or lower. The perimetric VF images of the remaining patients are also HFA plots but now denote a graphical representation (P2, P5, and P10), for which black corresponds to 0 dB (i.e., no sensitivity) and white to 41 dB (i.e., high sensitivity), or a numerical (P13) representation of the actual contrast sensitivity measured at each stimulus location.

For all patients, we found good correspondence between the fMRI-based VF reconstructions and the perimetric VF. In particular, this was the case for the reconstruction of the perimetric sighted parts of the VF (i.e., VF contrast sensitivity was within normal limits), that were also within normal limits based on the fMRI VF reconstructions. For the reconstruction of the perimetric blind parts of the VF (i.e., a contrast sensitivity below normal limits) we found, for some participants, that the fMRI techniques revealed a VF sensitivity within normal limits. In other words, for some patients, the fMRI-based VF reconstructions revealed normal sensitivity in parts of the VF which were classified as significantly impaired or even “blind” by perimetry.



VF Sensitivity Estimated by MP Higher Than by pRF

The quantile-quantile plot showed that the VF sensitivities in patients estimated by the two techniques do not come from the same distribution (Figure 8–upper panel). Up to a VF sensitivity loss of 10 dB, the two techniques seem to share the same distribution, but then appear to diverge. The VF sensitivity quantiles of MP plateau while the corresponding values for the pRF continue to decrease. For the patients, this finding is illustrated by the non-linear relationship revealed by the scatter plot (Figure 8–lower panel); the two VF sensitivities are significantly more likely to be non-linearly (R = 0.55) than linearly related (R = 0.51; z = 3.34; p < 0.001). For the extreme negative VF sensitivities, i.e., a sensitivity loss of more than 15 dB, the estimated VF sensitivity losses are smaller for MP than for pRF.
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FIGURE 8. Comparison of the VF sensitivities as measured with the two fMRI approaches. (A) Quantile-Quantile plot of the VF sensitivities of pRF versus MP, for controls (left) and patients (right). Strong deviations from the linear reference line indicate that both distributions do not share the same distribution. For the negative estimates, in particular below <2 dB (controls) and <10 dB (patients), we found fewer negative estimates for MP than for pRF. (B) PRF VF sensitivities plotted against the MP VF sensitivities, for the controls (left) and the patients (right). The control data are linearly correlated. The patient data revealed a non-linear (R2 = 0.55, red curve) rather than a linear (R2 = 0.51, yellow line) relationship between the two VF sensitivity estimates.


In the VF reconstructions these differences are reflected in the presence of more details, i.e., small regions with higher VF sensitivities, in the MP compared to the pRF-based reconstructions. For patients P3, P4, P7, P11, and P12 the MP even revealed sensitivity in parts of the VF that remained undetected by the conventional pRF technique, as can be seen in Figure 7 and as was also illustrated in Figure 6.



VF Coverage in Early Visual Cortex Compared to Extrastriate Regions

The data shown thus far was aggregated across all informative voxels in the visual cortex (visual cortex ROI). There are a number of neural substrates that may underlie residual function in patients with hemianopia, such as spared regions of V1 or extrastriate regions such as hMT+ or V4. The limited amount of data, as a result of the short scanning time, meant that there were not enough informative voxels to investigate individual visual areas. However, in an attempt to determine whether the neural activity corresponding to the blind region was due to spared early visual cortex (i.e., V1 and V2) or extrastriate regions (i.e., V3, hV4, VO1, VO2, LO1, LO2, TO1, TO2, V3b, and V3a), separate CMs were calculated for each of these large ROIs for the MP technique.

The top row of Figure 9 shows the average CMs across the controls. The ROIs for each hemisphere were analyzed separately to allow comparison of the hemisphere for which the CM is generated. Indeed, this is evident in the figure by the intensity of the CM in each hemifield. In terms of the relative contribution of the early and extrastriate areas, Table 3 shows that 46.4% ± 6.5% (mean ± s.d.) of informative voxels were from early visual cortex, and 53.6% ± 6.5% from extrastriate cortex, with no significant difference in their contribution.
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FIGURE 9. Coverage Maps for early (V1/V2) and extrastriate cortical regions averaged across the control (top row). The brighter the map, the higher the sampling density. P2, who is blindsight negative, shows very little contribution to the VF sampling by voxels in either early or extrastriate ROIs. P11, also blindsight negative, shows some contributing voxels in the sighted hemifield, but few in the blind field.



TABLE 3. Location of voxels contributing to Coverage Maps based on MP.
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The lower rows of Figure 9 show examples of CM for early and extrastriate regions in four patients, two blindsight positive (P3 and P4) and two blindsight negative (P2 and P11). The blindsight positive patients both show informative voxels from the lesioned hemisphere in the “blind” field, whereas in the blindsight negative patients the informative voxels from the lesioned hemisphere mainly represent the sighted field.

Table 3 shows the proportion of voxels contributing to CM in the lesioned and healthy hemispheres of the patients. Across all patients, there was a significantly higher proportion of informative voxels in the healthy hemisphere compared to the lesioned one (mean lesioned: 37.3%; mean healthy: 62.7%; t = 4.5; d.f. = 12; p < 0.001). This pattern was also evident when early and extrastriate visual areas were considered separately. In early visual cortex, the mean percentage of voxels meeting threshold criteria was 16.5% in the lesioned hemisphere which was significantly lower than the percentage of 41.7% in the healthy hemisphere (paired t-test: t = 3.5; d.f. = 12; p < 0.005). In extrastriate regions, the mean for the lesioned hemisphere (13.5%) was significantly lower than for the intact hemisphere (28.3%; t = 4.8; d.f. = 12; p < 0.0005). There was no difference in voxel contribution from early visual areas compared to extrastriate areas in either the lesioned or healthy hemisphere.

In terms of comparing blindsight positive and negative groups, there were only 3 patients who were blindsight negative, but the proportion of informative voxels in the lesioned hemisphere was considerably lower (5.8%) than in blindsight positive patients (37.3%; Mann-Whitney U = 0; p < 0.01).



Effect of Stimulus Configuration

Although we did not aim to investigate this, we observed a clear effect of stimulus configuration on the MP but not on the pRF estimates. This observation was most vivid in the normative VF map used for the normalization step during the VF reconstruction. Figure 10A shows a time average of the full stimulus presentation using a moving window of 12 TR (i.e., 24 s, comparable to the length of a typical HRF) and reveals that, over time, some parts of the VF are more stimulated (i.e., brighter segments) than others (i.e., darker segments). Such bias in VF stimulation is not reflected in the pRF (Figure 10B), but is strongly reflected in the MP based normative map (Figure 10C).
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FIGURE 10. An effect of stimulus configuration. (A) A time average of the full stimulus presentation using a moving window of 12 TR. (B) PRF based normative map. (C) MP based normative map, which reflects the stimulus bias in VF stimulation.





DISCUSSION

Using two different approaches to create fMRI-based VF reconstructions, we uncovered visually responsive sections in perimetrically blind regions of the VF in patients with hemianopia. This finding corroborates previous results based on conventional pRF mapping of V1 and hMT+ in hemianopia (Papanikolaou et al., 2014, 2019), which also showed the presence of neural activity in perimetrically blind regions of the VF. Compared to conventional pRF modeling, MP reveals more voxels with retained visual sensitivity, suggesting it is a more sensitive approach for VF reconstruction. Below, we discuss our results in more detail.


Micro-Probing Reveals Larger Regions of Neural Activity Than pRF Mapping in Participants With Hemianopia

While the two approaches used in this study produced similar results in the sighted participants, the MP technique uncovered greater regions of responsive VF compared to the conventional pRF mapping in the patients.

Being a relatively new technique, MP provides a largely assumption-free approach to reconstructing the VF map from fMRI data (Carvalho et al., 2020, 2021). While it provides broadly equivalent results to standard pRF mapping, MP has the advantage that it can uncover and model multiple populations of RFs within a single voxel. This advantage is critical for studying participants with conditions such as albinism, where there is a bilateral representation of the VF in both hemispheres (Carvalho et al., 2020, 2021). In hemianopia, it may be that neural plasticity leads to more bilateral responses in hMT+ (Goebel et al., 2001) or that rehabilitation training changes the balance of activity in the two hemispheres (Henriksson et al., 2007; Larcombe et al., 2018). Thus, the MP approach that allows multiple locations to be mapped for a particular voxel may uncover sensitivity that would remain hidden when only a single modeled pRF can be assigned to a voxel.

One could argue that the larger regions of neural activity revealed by MP might be a result of computational error rather than a reflection of the true VF. We do, however, believe that the larger regions do reflect the true VF. MP has shown to be more conservative in estimating the pRF size than the conventional pRF technique, as well as more robust to the noisy signals (Carvalho et al., 2020). Therefore, if our results were biased by the MP technique, we would expect to obtain a smaller VF, not larger. Furthermore, MP has the advantage of providing a pRF coverage map (probe map) per voxel, which represents the pRF profile without any assumptions about its shape. The conventional pRF method assumes that the pRF shape has circular symmetry, which can lead to biases in the VF coverage maps at the border of the scotomas due to partially stimulated pRFs, i.e., the center of the pRF lies within the healthy VF and part of the pRF coverages the blind VF. This will result in biases at the border of the scotomas. The MP method is robust to these biases.



The MP Estimates Are Less Negative Compared to the pRF Ones, for Areas With Considerable Loss of Sensitivity

When the sensitivity estimates are below 10 dB (i.e., the areas with great loss of sensitivity) the MP estimates are less negative than the pRF ones. One could argue that the MP approach is hitting a floor effect at this point, as if it is picking up more noise. We do, however, interpret these differences as a reflection of more VF coverage by the MP technique. First, MP has shown to be more robust to noisy signals (Carvalho et al., 2020) and second, if it were a general bias from the technique itself we expect this to be reflected as an increased sensitivity across the blind VF. Yet, the parts of the VF where the pRF revealed a strong deviation in sensitivity while the MP revealed a less strong deviation are along the border of the VF defect, regions likely to have residual visual sensitivity. We therefore suggest that these are areas with some level of visual function that cannot be detected by the pRF technique, but can be detected by MP.



Stimulus Configuration Can Affect the Visual Field Map

One interesting finding, and an unexpected bycatch of the present study, was that MP allows reconstruction of the stimulus configuration from the BOLD activity. A time-average of this stimulus configuration with a time window of 24 s, equivalent to the length of the typical hemodynamic response of the human brain, revealed that this stimulus configuration results in unequal stimulation of the VF. MP was able to reveal this pattern, whereas the conventional pRF technique was not. Similarly, MP, but not pRF, was able to reveal the unstimulated parts of the VF in P1 and P2. These findings show that the MP technique is sensitive enough to detect such stimulation-biases. Moreover, it suggests that the conventional pRF estimates obtained with the combined wedge and ring stimulus are potentially biased by the stimulus configuration. Although a previous study on the effect of stimulus configuration on VF map properties showed that this simultaneous wedge and ring combination resulted in the highest pRF fit reliability (Alvarez et al., 2015), our present results suggest that the stimulus type should be carefully considered when aiming for fMRI-based VF reconstructions. In line with this, Infanti and Schwarzkopf (2020) showed that pRF mapping is sensitive to the protocol used and that the mapping sequence can bias its estimates. This higher sensitivity of MP, compared to the conventional pRF technique, favors the former over the latter for the reconstruction of the VFs.



Effect of Contributing Voxels

The analysis considers the voxels that contribute to the coverage maps. However, it is important to interpret these numbers cautiously; three important issues should be considered. Firstly, larger lesions automatically result in fewer voxels that can contribute to the CMs. Secondly, the limited amount of pRF mapping data that was acquired (∼10 min) resulted in poor model fits which meant that we had to exclude many voxels, in particular for the higher order areas (for example as discussed for hMT+). Therefore, we cannot determine whether the removal of a large number of voxels with poor model fits were due to (1) a true lack of responsiveness or (2) a lack of reliable data. Finally, one should note that there is no lower limit of voxels to generate the coverage maps of the large ROIs, and therefore the CM in Figure 9 could have been generated based on a very small proportion of voxels. For example, the coverage for P11 as revealed by the MP but not by the pRF technique, includes a small proportion of voxels from the extrastriate areas of the lesioned hemisphere. Yet, this does not mean that the coverage is invalid or meaningless. Since the pRF technique assumes a single gaussian shaped RF (Dumoulin and Wandell, 2008) whereas MP fits many tiny probes (Carvalho et al., 2020), the latter technique has many more options of finding suitable VF locations that can explain each voxel’s activity based on the stimulus pattern. This may have particularly benefited the extrastriate areas.



Correspondence Between Non-conscious Behavior and VF Reconstruction

Ten patients had an area of overlap of at least 4 deg2 between blindsight stimulus test locations and VF mapping in the central 6.5°, permitting comparison between MP and pRF VF reconstructions in locations tested behaviorally for preserved non-conscious vision. For both blindsight negative patients (P2 and P11), there was no appreciable difference in pRF or MP sensitivity in the blindsight test zone. Both patients showed reduced neural response outside normal limits (<1% CI).

Of the eight patients demonstrating blindsight, five patients (P4, P9, P10, P12, and P13) did not show sufficient fMRI signal to detect activity in the blindsight test region using either reconstruction technique. There are several reasons why this may be the case. It may be that our technique to normalize total deviation to controls was not sufficiently sensitive for small regions of retained activity that are comparably weaker than normal activity levels (Ajina and Bridge, 2018). Our scan time was also very short, and associated with poor model fits in extrastriate hMT+ voxels. This meant that it was not possible to reconstruct VF coverage based on hMT+ activity alone. If hMT+ is the primary region contributing to visual processing at motion blindsight locations, then it may not be surprising that activity was absent as hMT+ voxels did not contribute to the VF reconstruction.

Two blindsight positive patients (P6, P8) showed retained fMRI signal in the blindsight test zone using both MP and pRF techniques, albeit not completely normal. This is consistent with previous studies (Papanikolaou et al., 2014; Schneider et al., 2019; Sanchez-Lopez et al., 2020), and suggests that both methods can reveal preserved visual processing in hemianopia beyond SAP. Interestingly, the blindsight stimulus in both patients overlapped the border of preserved and absent signal, raising the possibility that fMRI sensitivity may simply reflect better resolution than perimetry at the border zones of field loss.

One patient with blindsight (P3) showed greater sensitivity in the blindsight test zone using MP compared to pRF reconstruction, including activity within the “normal” range. This is potentially very interesting, and suggests that where the reconstructed VF appears more sensitive than perimetry (e.g., P11 along the vertical meridian), it may be useful to test for preserved non-conscious vision. Together with the demonstration of greater sensitivity to stimulus configuration, this suggests that there are situations in which MP is more sensitive to both conscious and non-conscious VF reconstruction.



Study Limitations

There are a number of limitations of the current study, both technical and relating to the specific population. The participants with hemianopia participated in an MRI study that included many different experiments to provide characterization of their neural responses. The pRF mapping experiment was one element of this study, and therefore only around 10 min of data were acquired. This contrasts with studies focused on pRF mapping which often acquire at least 30 min of high-resolution data (Benson et al., 2018). The relatively small amount of data resulted in lower signal:noise ratio, which meant that it was not possible to reliably map the size and location of individual pRFs. In turn, this means that individual visual areas and their specific contribution to the signal could not be identified. This issue is even more acute in patient populations when visual maps are abnormal. In future studies it will be important to identify the spared visual areas that may maintain neural sensitivity to the affected regions of the VF. Furthermore, knowing whether the maintained neural activity results from spared processing in the affected pathway or from processing in unaffected, yet functionally connected, pathways may be important. Since some extrastriate visual areas may have representations of both sides of the VF [e.g., the Medial Superior Temporal area (Huk et al., 2002) and Fusiform Face Area (Grill-Spector et al., 2017)], any feedback from these regions could lead to activity in areas of the visual cortex even if not activated by the retina via lesioned cortex. Therefore, investigating the origin of the neural activity and determining those extrastriate visual areas with preserved visual representation, each with their own specialized functions, may indicate the optimal type of training stimulus to boost residual vision. Interestingly, in the study of Papanikolaou et al. (2019) some patients showed neural activity in both area V1 and hMT+ in the absence of any residual visual ability. However, this does not preclude the potential for “reactivating” this region with rehabilitation. Indeed, using a much larger population of patients with hemianopia, Elshout et al. (2021) showed that regions of the VF that showed neural activity mapping using the pRF approach were more likely to show improvement following 80 h of visual training. However, since the neural activity was not quantified after the training, it is not clear whether training also enhanced the relevant neural activity. The study of Barbot et al. (2020) also found that the strength of V1 activity in perimetrically blind regions predicted the amount of improvement following training, although there was little change in activity after training. In a similar vein, Schneider et al. (2019) found that hemianopic patients showing fMRI activity in the visual cortex soon after their stroke showed less ganglion cell loss 6 months later. Understanding how this neural activity across the visual cortex relates to residual function may provide the basis for designing personalized rehabilitation programs that target spared visual pathways in patients.

In terms of the visual stimulus, the size of the VF that can be stimulated within the scanner was limited. The visual display for the current study subtended an eccentricity of 6.5°, which is only a small proportion of the entire VF. The VF deficits that are caused by hemianopia can affect any region, and therefore may not be within the small field of view visible within the scanner. Indeed, Figure 7 shows that in several of the cases presented here, the VF deficit was too peripheral to be detected by the fMRI scanning. For future studies, it would be worth investigating possible methods to increase the visible region within the scanner (Cornelissen et al., 1997; Greco et al., 2015; Elshout et al., 2021; Jolly et al., 2021).

Related to this, future studies could benefit from additional behavioral visual performance measures to confirm the presence of residual vision in the extended areas revealed by the fMRI techniques, in particular MP, as was performed by Elshout et al. (2021).

An additional issue is that the mapping stimulus used for the study did not stimulate the VF equally. As discussed earlier, this can be detected by the MP technique, but it is not optimal particularly since different patterns of stimulation can interact with VF deficits.

To fully understand how neural activity in different visual areas might relate to residual vision, or blindsight, it will be important to (i) acquire significant quantities of data to maximize signal:noise ratios, (ii) make the visible stimulus as large as possible to ensure it includes the VF deficit of all patients, (iii) ensure that the stimulus provides equal stimulation across the VF, and (iv) use psychophysical visual testing at the extended VF locations as revealed with the MP technique to quantify residual vision in these regions.




CONCLUSION

In summary, fMRI can be used to identify responsive parts of the VF, that are not activated by the near-threshold lights used in perimetry, even with relatively little imaging data. This type of fMRI-based VF reconstruction may provide an important addition to standard perimetry techniques, particularly for identifying regions that may be amenable to rehabilitation programs to improve residual vision. The MP technique appears to provide additional sensitivity over conventional pRF mapping and may be particularly useful for investigating the abnormal visual system.
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Supplementary Figure 1 | Population receptive field (pRF)-based eccentricity maps. Two visualizations of how output of the pRF mapping technique can be translated to eccentricity maps. The x and y Cartesian coordinates of the best pRF for each individual voxel were converted into polar coordinates, i.e., polar angle and eccentricity values. Here we projected the eccentricity values on an inflated hemisphere mesh. The upper two images display the eccentricity map for the left hemisphere of a control participant from a medial (left) and lateral (right) view. Similarly, the lower two images display the eccentricity maps for the left and lesioned hemisphere of a hemianopia patient. The case of the patient shows that also in the lesioned hemisphere we find cortical activity that partially represents the patient’s VF. The black outline corresponds to our visual cortex ROI, to which we limited our modeling computations. Projections have been thresholded for a variance explained of 15%.

Supplementary Figure 2 | Extraction of MP derived pRF parameters. Left: initial probe map. Right: Thresholded probe map selecting the 30% probed with the highest VE (k-threshold). The remaining probes were clustered using a weighted cluster analysis. Finally, the pRF parameters of the resulting cluster, here four, were derived using a Gaussian mixture model. The derived parameters were x and y, for the pRF its center location, σ1 and σ2 and θ (Gaussian orientation, angle between σ1 and the x axis) allowing for an ellipsoidal Gaussian. Dashed blue circle outlines the pRF derived from the conventional pRF model, and the dashed red circle outlines the pRF derived from MP. For a more detailed description on this parameter extraction methods, see Carvalho et al. (2020).
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Current treatments for infantile nystagmus (IN), focused on dampening the oscillating eye movements, yield little to no improvement in visual functioning. It makes sense, however, to treat the visual impairments associated with IN with tailored sensory training. Recently, we developed such a training, targeting visual crowding as an important bottleneck in visual functioning with an eye-movement engaging letter discrimination task. This training improved visual performance of children with IN, but most children had not reached plateau performance after 10 supervised training sessions (3,500 trials). Here, we evaluate the effects of prolonged perceptual learning (14,000 trials) in 7-18-year-old children with IN and test the feasibility of tablet-based, at-home intervention. Results demonstrate that prolonged home-based perceptual training results in stable, long lasting visual acuity improvements at distance and near, with remarkably good transfer to reading and even stereopsis. Improvements on self-reported functional vision scores underline the clinical relevance of perceptual learning with e-health apps for individuals with IN.
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INTRODUCTION

Infantile nystagmus (IN) refers to bilateral, involuntary oscillating eye movements with an onset in the first 6 months of life. It is associated with suboptimal vision and affects the quality of life (for example driving difficulties, reliance on others and restricted career opportunities) (McLean et al., 2012). Clinical treatments for IN are missing, despite a significant prevalence of 1.4 per 1000 (Sarvananthan et al., 2009). Attempts to alleviate the life-long visual impairments by dampening the nystagmus have seen disappointing results. Acuity improvements (typically < 0.1 LogMAR) were much smaller than one might expect from the achieved attenuation of the nystagmus (McLean et al., 2007; Jayaramachandran et al., 2014), suggesting that one should (also) target bottlenecks in visual processing. A significant problem especially in individuals with IN is visual crowding, the inability to identify objects in clutter (Nandy and Tjan, 2012).

Interestingly, visual perceptual learning (VPL) – performance enhancement on a visual task as a result of visual experience (Sasaki et al., 2010) – proves an effective, non-invasive, personalized treatment strategy to improve visual functions (Deveau and Seitz, 2014). It is helpful in different patient populations such as subjects with amblyopia (Levi et al., 1997; Polat et al., 2004), macular degeneration [(Plank et al., 2014), also Stargardt disease (Sasso et al., 2019)], presbyopia (Polat et al., 2012), myopia (Tan and Fong, 2008; Camilleri et al., 2014a, b; Casco et al., 2014), and other forms of visual impairment (Huurneman et al., 2013, 2016a, b, c; Nyquist et al., 2016; Battaglini et al., 2021). Several recent studies indicate that VPL transfers to improvements in daily life visual functioning (Tan and Fong, 2008; Deveau and Seitz, 2014; Plank et al., 2014), underscoring the prospects of VPL as a valuable treatment option. The goal of the current study is to evaluate the effects of a home-based VPL app for youth with IN that targets visual crowding as an important bottleneck.

A frequently reported limitation of VPL is that learning effects are task-specific while effective therapies require generalization across visual tasks and stimuli (Polat, 2009; Deveau and Seitz, 2014). Successful ways to promote generalization are: (1) engagement of attention, use of (2) reinforcement techniques, and (3) stimuli with varying orientations, spatial frequencies, and locations (Deveau and Seitz, 2014). Our training app implemented these three approaches to foster generalization of learning by including an attentional demand (i.e., shifting visual attention), reinforcement techniques (by including feedback and performance-contingent rewards) and stimuli were offered in various orientations, spatial frequencies and locations. Another effective way to boost training effects is to increase the number of training sessions (Li et al., 2008, 2016; Polat, 2009). However, too much training may limit learning transfer (Jeter et al., 2010). Of note here is that VPL tends to occur in steps, with temporary plateaus of steady performance followed by further improvements before a subject finally reaches his or her best possible performance (Li et al., 2008).

Recently, we developed a perceptual training for children with IN which involved a two-step sequence in which participants were first presented with a central (probe) stimulus for 500 ms after which they had to redirect their attention and gaze toward a peripheral patch containing the uncrowded or crowded target letter as soon as it appeared. The children started their uncrowded or crowded training with stimuli that yielded 70% correct performance. During training, letter size (uncrowded training) or the letter size and letter spacing (crowded training) were modified according to the child’s training progress to maintain the same task difficulty level as children became progressively better at discriminating the letters. Children received trial-by-trial feedback about their performance in the form of a smiley, and were motivated with a reward game in between trial blocks. After ten training sessions of 350 trials each, both groups of children had improved vision even though their oculomotor behavior remained unaltered (Huurneman et al., 2016a). There was some task-specificity in the learning effects of the uncrowded versus crowded training with larger improvements of uncrowded acuity in the uncrowded training group and larger improvements in crowded acuity in the crowded training group (Huurneman et al., 2017), but there was considerable transfer to visual acuity charts, stereopsis and reading for both (Huurneman et al., 2016a, b, c).

However, a number of important questions are still outstanding. First, are these effects stable in the long term – a hallmark of perceptual learning? Based on VPL results in adults with amblyopia (Hussain et al., 2012) and our recent findings in children with low vision (Huurneman et al., 2020), one would expect an almost complete retention of visual acuity improvements and crowding reductions. Second, can a full contrast (high level) letter discrimination task result in improved contrast sensitivity (low level visual function) (Chung et al., 2012)? Most children had not reached plateau performance after 10 training sessions. Therefore, our third question is whether prolonged VPL yields larger training benefits? And if yes, are training benefits larger in observers with idiopathic IN than in observers with albinism and IN, as suggested by our previous work (Huurneman et al., 2017)? Last, but not least, can subjects take care of their own treatment? There are a few studies in which the feasibility of home-based VPL in subjects with amblyopia has been evaluated (Hussain et al., 2014; Hernandez-Rodriguez et al., 2021). These studies report compliance issues with home-training resulting in either too little training (e.g., 30-40% compliance, Hernandez-Rodriguez et al., 2021) or not complying to the recommended training duration (Hussain et al., 2014).

To address these questions, the new training app enabled children to train at home without any direct supervision whereas the previous cohort of children practiced under supervision of a personal trainer. Viewing distance was monitored with the front camera of the tablet computer and the program gave audiovisual instructions concerning the required viewing distance (Figure 1A). The new training also combined uncrowded and crowded letter training (Figures 1B,C), and we increased the number of training sessions from 10 to 40 (Figure 1D).
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FIGURE 1. Training and experimental procedures. (A) Before the start of a training session, participants received visual and auditory instructions about the desired training configuration. Part of the training set-up was that the iPad’s camera tracked a QR-code attached to the subject’s head with a headband. During training, subjects gave responses by using a Nimbus game controller. (B) Outline of the single letter discrimination task. Subjects were instructed to indicate the orientation of the briefly (500 ms) presented C by pressing the corresponding arrow key on a keybord. Outline of the crowded letter discrimination task consisting of a two-step stimulus sequence. Subjects were instructed to fixate on the central patch, redirect their gaze toward the peripheral patch as soon as it appeared, and indicate the orientation of the C in the middle of that peripheral patch. Patches were only visible for 500 ms. (C) The single letter training contained the two-step procedure that was used in the crowded letter discrimination task, but did not present distractors surrounding the center probe and target. The crowded letter training was similar to the crowded letter discrimination task. (D) Flow chart of the experimental procedures. The complete training program consisted of 40 sessions of which the first 10 had an uncrowded letter configuration and the last 30 sessions had a crowded letter configuration.


We assessed task performance before and after the prolonged VPL training program and performed follow up measurements after 6 months. To quantify transfer of VPL, we measured improvements on visual acuity charts, changes in stereopsis, and reading performance. In addition, we assessed contrast sensitivity and we evaluated daily life visual function with a functional vision questionnaire (Tadic et al., 2013).



MATERIALS AND METHODS


Participants

A total of 37 children and adolescents with IN were included. 19 children had albinism and 18 had idiopathic IN. Diagnostic groups were age-matched. The inclusion criteria were: age 7-18 years, diagnosis albinism in combination with IN or idiopathic IN, binocular crowded distance visual acuity (DVA) between 0.1 and 1.3 logMAR (VA ≥ 20/400 and <20/20), no additional impairments, born at term (>30 weeks) with normal birth weight (>3000 gr). Children were recruited either via Royal Dutch Visio (a Dutch vision rehabilitation center, n = 15) or via a patient network (“Nystagmus Netwerk Nederland,” n = 22). The diagnosis, clinical characteristics and refraction corrections of the participants are listed in Supplementary Table 1. Refractive corrections were checked within 12 months prior to inclusion and the children wore the same refraction correction throughout the study.

The study was conducted according to the principles of the Declaration of Helsinki and approved by the local ethics committee (CMO Arnhem-Nijmegen, protocol ID NL61860.019.17, Netherlands Trial Register, trial number NL6711). After explanation of the nature and possible consequences of the study, informed consent was obtained from the parents of all participants. Tests were performed at the Donders Institute for Brain, Cognition and Behavior.



Apparatus

Stimuli for the pre- and post-training measurements were generated by a 15.6-inch laptop (Dell M4700) equipped with an open GL graphics card (NVIDIA Quadro K2000M) and presented on a 32-inch Liquid Crystal Display (LCD, Dell UP3214Q, 3840 × 2160 pixels; pixel pitch: 0.18 mm2). The training was executed on a 9.7 inch iPad Air 2 (2560 × 1536 pixels pixel pitch 264 ppi (0.077 mm2)). Background luminance of the 32-inch monitor, measured with a luminance meter (Minolta LS-100), was 0.3 cd/m2 for a black background and 193.8 cd/m2 for a white background. For the iPad Air 2, the luminance values were 0.9 cd/m2 for a black background and 409 cd/m2 for a white background. Experimental stimulus software for the pre- and post-training measurements was written in Matlab (version 2014b, MathWorks, Inc., Natick, MD, United States) using the Psychophysics Toolbox (version 3.0.12) (Brainard, 1997). Stimulus timing and button responses were recorded and stored at millisecond precision for offline analysis. Training software was written in Unity programming language.



Procedure

The experimental procedure was the same for all participants. They underwent baseline measurements before training (T0) after which they trained twice a week for approximately 20 weeks. After training, the same measurements were collected as pre-training (T1). Six months later, a second set of post-training measurements (T2) were taken to determine long-term retention of training effects (see Figure 2). There was no explicit instruction with regards to supervision from parents. In principle, the interface was clear and children should be able to perform the task without supervision. However, there were some young children which did benefit from the supervision of an adult during training.
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FIGURE 2. Schematic presentation of the experimental design.


Pre- and post-training measures were administered in the following order: (1) a visual function assessment, (2) computerized letter discrimination tasks, (3) reading test, (4) contrast sensitivity measurement, and (5) the Functional Vision Questionnaire. A chin- and headrest was used to stabilize the head of our participants to keep them at the intended viewing distance.



Pre/Post Training Measures


Visual Function Assessment

We assessed monocular and binocular DVAs, binocular near visual acuity (NVA) and stereopsis. DVA assessment was done with the commercially available ‘C-test’(Haase and Hohmann, 1982). DVA was measured binocularly at 5.0 meter with the uncrowded and crowded version of the ‘C-test’ acuity chart. A crowded chart version with an inter-letter spacing of 2.6 arc min and an uncrowded chart version with an inter-letter spacing of at least 30 arc min was used. This crowded chart was chosen because of its tight inter-letter spacing and its sensitivity to detect crowding effects (Neu and Sireteanu, 1997). Near visual acuity (NVA) was determined binocularly at 40 cm viewing distance with the LEA-version of the C-test (acuity range –0.3 to 1.7 logMAR, Huurneman et al., 2012). The Titmus Stereo Fly test was used for stereopsis measurements (Hasche et al., 2001). Finally, the crowding effect was calculated from the near and distance acuity measures by subtracting the uncrowded from the crowded logMAR acuity measures.



Computerized Letter Discrimination Tasks

Two computer-controlled letter discrimination tasks were used to determine uncrowded letter VA, crowded letter VA and crowding extent under a 500 ms time constraint. Letters were high-contrast (99.7% Michelson) black Landolt Cs (0.3 cd/m2) with 4 possible orientations against a white background (193.8 cd/m2). Both four alternatives forced choice letter discrimination tasks consisted of two phases: (1) a short two up one down staircase procedure to get an initial estimate of the acuity of the subject (40 trials), and (2) a more extensive constant stimuli procedure in which Landolt C rings of six different sizes were each presented 15 times in pseudorandom order.

During the single letter discrimination task, a central C was presented for 500 ms in one of four orientations. Subjects reported the orientation of the C by pressing the corresponding arrow key on a keyboard and then received feedback about the correctness of their answer by presenting a green (smiling) or red (neutral) smiley for 200 ms (Figure 1B) for correct and incorrect answers, respectively. To obtain an initial estimate of the subject’s letter discrimination threshold, a short staircase procedure was adopted. The first stimulus of the staircase was always 1.3 logMAR. Step size was initially 0.2 logMAR, but this was lowered to 0.1 logMAR after two reversals. The threshold was calculated from the mean of the last six size reversals. Subsequently, discrimination performance was evaluated with the constant stimulus procedure in which six letter sizes were presented in pseudorandom order. Letter sizes ranged from 0.2 log units below to 0.3 log units above the threshold estimated with the staircase procedure. For each letter size, 15 trials were presented, leading to a grand total of 90 trials. A Weibull function was fitted to the resulting psychometric response function to find the 62.5% correct discrimination threshold.

The crowded letter discrimination task consisted of a two-step stimulus sequence. Trials started with a central stimulus probe consisting of a group of 7 Landolt C with the gaps on the same side. After 500 ms, a second stimulus appeared to the left or to the right of the probe. The second stimulus consisted of a target C surrounded by 6 flanking Cs of the same size in another orientation. The target C had a different orientation than the surrounding Cs, which were placed at 60 deg intervals around the target (Figure 1C). Children were instructed to identify the orientation of the target C by pressing the corresponding keyboard button. As was the case for the single letter discrimination task, trial-by-trial feedback was given with a smiley. For children with crowded DVA < 0.7 logMAR eye-to-screen distance was 150 cm and eccentricity of the crowding stimulus was 5 degrees to prevent the second patch from falling outside the screen. For children with crowded DVA ≥ 0.7 logMAR eye-to-screen distance was 50 cm and crowded patch eccentricity was 15 degrees to prevent patches from overlapping. The minimum letter size needed to perform the task was first estimated with a staircase procedure. The letter sizes on the first trial were set equal to the single-letter discrimination threshold. The initial step size was 0.2 logMAR and after two reversals, the step size was reduced to 0.1 logMAR. Target to flanker distance was relative to letter size (center-to-center spacing as a multiplication of letter height was × 3). The discrimination threshold was estimated from the mean of the letter size of the last six reversals. Subsequently, the letter spacing threshold was determined with a set of constant stimuli. In this procedure, letter sizes were fixed at the threshold determined from the crowded letter staircase procedure with a 0.1 logMAR enlargement. This small increase in letter size was used to make sure that the psychometric response function for the spacing threshold also covered the 70-100% correct range. The following six center-to-center spacings were presented in pseudorandom order (expressed as a factor of stimulus height): ×1.2, ×1.5, ×2.0, ×2.5, ×3, and ×4. The 62.5% correct discrimination thresholds were determined from Weibull function fitted to the psychometric response curve. The spacing thresholds were expressed in logMAR: crowding extent = log10(crowded letter threshold × ‘critical’ center-to-center spacing factor/5) where crowded letter threshold is the crowded letter acuity expressed in minutes of arc visual angle and ‘critical’ center-to-center spacing factor the letter spacing factor corresponding to the 62.5% correct discrimination threshold.



Reading

Reading performance was assessed with a computerized version of the Radner reading test (Maaijwee et al., 2008). Sentences were composed of high-contrast black letters (0.3 cd/m2) presented on a white background (193.8 cd/m2; 99.7% Michelson contrast). Sentences were presented in Arial font type. Before sentences were presented, crowded DVA was entered as an initial estimation of reading acuity. Eight sentences from the Dutch reading chart LEOntientje were presented to determine the minimum font size that could be read correctly without making errors (font size range –0.2:0.1:0.5 logMAR). After determining reading acuity, children were instructed to read 24 sentences containing 14 words out loud as fast and accurately as they possible. Font size ranged from 0 to 0.75 logMAR above the children’s reading acuity with steps of 0.15 logMAR (4 sentences per font size × 6 font sizes = 24 trials). Reading distance was 150 cm for children with crowded DVA of ≤0.3 logMAR, 50 cm for children with crowded DVA between 0.4 and 0.8 logMAR, and 20 cm for children with crowded DVA ≥ 0.9 logMAR. The shorter viewing distance for children with poorer acuities was adopted because the number of words on a line was restricted by the screen dimensions and font size.

The following outcome measures were extracted from the reading data: (1) reading acuity (RA), i.e., the smallest font size (in logMAR) that children could read without making errors, (2) maximum reading speed (MRS) determined from the mean of the three fastest reading speeds, (3) critical print size (CPS), the smallest font size in logMAR that could be read at 80% of the maximum reading speed estimated by linear interpolation between data points, and (4) acuity reserve (AR), the enlargement above the RA needed to reach 80% of the maximum reading speed, calculated by subtracting the RA from the CPS.



Contrast Sensitivity Function

Contrast sensitivity was measured with a customized procedure in which a black Landolt C stimulus was presented at 150 cm on a gray background and luminance of the stimulus letter was adjusted. Children were informed about the correctness of their answer with auditory feedback. Screen luminance was calibrated prior to the experiments. Clinically available contrast chart like the CSV-1000 typically consists of 5 spatial frequencies (3, 6, 12, and 18 cycles per degree or 1.0, 0.7, 0.4, and 0.2 logMAR). But, since the crowded DVAs vary considerably between subjects with IN, these charts do not allow measuring a wide range of contrast sensitivities within the appropriate range of spatial frequencies for all subjects. For subjects with DVA ≤ 0.2 logMAR, the following letter sizes were presented: 1.3, 1.0, 0.7, 0.4, and 0.2 logMAR. If DVA was larger than 0.2 logMAR, then the range of letter sizes was shifted so that the smallest presented letter was equal to their crowded DVA (smallest identifiable letter size at full contrast). An adaptive staircase procedure (Quest, Watson and Pelli, 1983) was used to determine the 62.5% correct contrast threshold for the each of the 5 letter sizes. There were 30 trials for each letter size, leading to a grand total of 150 trials. Weber contrast (i.e., luminance of the letter minus the luminance of the background divided by the luminance of the background) was used to define contrast thresholds. Contrast thresholds were expressed in log contrast thresholds, e.g., –1.50 log units equals a contrast threshold of 3% and a contrast sensitivity of 33 (1/0.03).



Functional Vision Questionnaire

A validated questionnaire containing 36 items was used to evaluate the impact of vision loss on a person’s daily life. The questionnaire, The Functional Vision Questionnaire for Children and Young People (FVQ_CYP) (Tadic et al., 2013, Elsman et al., 2019), comprises items that are organized into four categories of activity: home (8 items), school (16 items), sports (7 items), and leisure (5 items). The questionnaire contains items on which children can answer on a 5-point scale to rate their level of functioning from “very easy” (score 0), “easy” (score 1), “a little bit difficult” (score 2), and “very difficult/impossible” (score 3). There was also an answer option “this doesn’t apply to me.” Sample activities include seeing the board in class, playing sports, getting around school unassisted, using escalators, reading price tags, and finding the correct money to pay for items. The FVQ captures a child’s personal perspective on his or her daily visual functioning, particularly over time and can be used to evaluate the effectiveness of rehabilitation or interventions.




Training Task

All subjects trained at home with an iPad Air 2 (for specifications, see section ‘Apparatus’). Before subjects started their home training, they received verbal instructions on the day of the pre training measurement on how to set up the tablet computer (an iPad), how to wear the QR-code on their forehead for monitoring actual viewing distance, and how to use the response buttons on the game controller. They also received a written training protocol with instructions concerning the desired training frequency, technical instructions on how to set up the iPad at home and a phone number that they could call in case they needed help. At the end of each training session, the app sent log data of that session to a server, allowing us to monitor training compliance remotely.

In addition, pre training letter discrimination thresholds were entered as a starting point for the training. The training consisted of 10 uncrowded training sessions followed by 30 crowded training sessions. Because foveal vision is generally limited by three factors – uncrowded visual acuity, crowding and overlap masking (Song et al., 2014) – we hypothesized that stacking the uncrowded and crowded training might enhance the net learning. We chose to start with 10 uncrowded training sessions followed by 30 crowded training sessions based on the observation that uncrowded letter improvements occur over a shorter time course than crowded letter improvements (Li et al., 2007; Huurneman et al., 2016c). We reasoned that by improving the uncrowded acuity first, the effect of the crowed training might be greater if uncrowded visual acuity is one of the bottlenecks for improving crowded visual acuity. Both the uncrowded and crowded training sessions involved a two-step stimulus sequence where subjects are first presented with a central probe for 500 ms, after which the target is presented on the left or right sight of the screen. The objectives of implementing this two-step routine were to train oculomotor- and attention control, and possibly invoke more generalized learning.

In the uncrowded training task, both the central probe and the eccentric target stimulus were Landolt C rings presented at the subject’s single letter discrimination threshold found during pretest. During the crowded training sessions, the central stimulus patch consisted of a central Landolt C letter surrounded by 6 Landolt C letters (with the same orientation). The eccentric target was a Landolt C (with a different orientation) surrounded by 6 distractors. Subjects started their first uncrowded training at the letter size found at the pre training measurement. During the uncrowded training sessions, stimulus size was reduced with 0.1 logMAR if at least 7/10 answers were correct. During the crowded training sessions, subjects started their first crowded training session with the letter size and spacing factor determined at pretest. Letter spacing was reduced by 0.1 log units if at least 7/10 answers were correct, if less than 7 out of 10 answers were correct spacing was increased by 0.1 log units. If letters were closer to each other than 1.1 × the letter size, letter size was reduced by 0.1 log units and the target-to-flanker spacing was adjusted to 3 × the letter size. At the end of each training session a 2-up-1-down staircase consisting of 40 trials was used to determine either the discrimination threshold for single Landolt Cs (after an uncrowded training session) or the discrimination threshold for crowded Landolt Cs (after a crowded training session, same configuration as the crowded letter stimulus shown during training).

Each training session consisted of 7 blocks of 50 trials. In between blocks, children played a reward game Huurneman et al. (2016c). Children were asked to train 2 × per week for 20 consecutive weeks, making a grand total of 14,000 trials per child. Subsequent training sessions always started at the letter discrimination threshold measured with the staircase procedure at the end of the previous training session.

Training sessions opened with a screen providing the subjects information about the number of completed training sessions and the viewing distance that should be adopted. The following viewing distances were possible: 30 cm, 50 cm, 100 cm, or 150 cm. Children responded to stimuli on the iPad by using a Nimbus game controller.

Actual viewing distance was monitored by tracking a calibrated QR code that the subject wore during training with the iPad’s built-in camera (Figure 1A). Subjects received a warning whenever the QR code was not visible, or when the viewing distance was >10% larger or smaller than the intended viewing distance. The training app gave both visual as well as auditory instructions to facilitate our participants. After each training session, the app sent a pseudo-anonymized, encrypted file containing all training log information to our secure network server. This way compliance to training rules could be monitored remotely (e.g., training frequency, visibility of the head target and compliance to instructions regarding viewing distance). In case anomalies were noticed for more than two or three sessions in a row, our help-desk contacted the child’s parents to determine the possible cause and provide assistance as needed.



Data Analysis

Data were analyzed in MATLAB R2014b (Mathworks, Inc., Natick, MD, United States). Baseline performance measures were compared for children with albinism and children with idiopathic IN using an independent samples t-test.

Short-term training effects were evaluated with 2-way Repeated Measures ANOVAs. Sphericity assumptions were checked with Mauchly’s test. In case sphericity assumptions were not met, adjustments have been made and Greenhouse-Geisser corrected p-values were reported. Diagnosis, age and number of completed training sessions were entered as between subjects factors and pre- and post-test as a within subjects factor (T0 and T1). Unless mentioned otherwise, there was no effect of the between subject factors. Outliers (defined as scores outside ± 3 SD range from mean score) regarding training outcome were assigned a new value by imputation (i.e., using the mean difference score; n ≤ 2 per measure). In case training effects were diagnosis-dependent, a post hoc analysis was performed for the two diagnostic groups separately. For our contrast sensitivity measure, there were five levels for the pre- and post-test measurements.

Long-term training effects were determined with 3-way Repeated Measures ANOVAs with again diagnosis, age and number of training sessions as between subjects factors and pre- (T0), post1 (post-test directly after training, T1), and post2 (follow-up at 6 months after training, T2) as within subject factors. Results were considered statistically significant if alpha (Type I error) was <0.05. A Bonferroni correction was applied for post hoc tests and multiple comparisons.

A three parameter two line segment fit (Li et al., 2008) was used to model data collected during crowded training (last letter size presented during training). In formula:
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where β0 stands for the baseline crowded letter acuity, β1 reflects the slope of the first line, and β2 reflects the slope of the second line segment (which was always 0). TS is short for training session. Our model predicted which fit was the best by iterating the formula for training session until the last training session that was performed by the subject (this number varied as can be seen in Supplementary Table 1). At the end we evaluated at which training session the root mean square value had the smallest value. If a linear fit was better than all the two segment models, then there was no apparent plateau to be found in the data and the last training session would provide the best fit.




RESULTS

One 7-year old boy dropped out after 9 training sessions due to a lack of motivation. Unfortunately, he did not show up for a post-training measurement and could therefore not be included in the analyses. All other participants (n = 36) underwent baseline measurements before training (T0) and then trained twice a week for approximately 20 weeks (for details concerning child characteristics and number of completed training sessions, see Supplementary Table 1).


Baseline Differences Between Age-Matched Diagnostic Groups

On average, children with albinism (all having IN, n = 19 of which 11 had oculocutaneous albinism and 8 had ocular albinism) had poorer baseline binocular crowded distance visual acuities and stereopsis than children with idiopathic IN (IIN, n = 17) (Supplementary Table 2). Binocular crowded DVA’s were 0.71 ± 0.23 logMAR (mean ± SD) in children with albinism and 0.52 ± 0.14 logMAR in children with IIN. Stereopsis was 2.71 ± 0.48 log10 arc sec in children with albinism and 2.37 ± 0.51 in children with IIN. However, the crowding intensity (CI), expressed as the difference (in logMAR) between crowded and uncrowded visual acuity (Huurneman et al., 2016c), was not significantly different between these two diagnostic groups.



Home Training

The log data showed that compliance with the training protocol was good. The QR-code on the subjects’ forehead was visible 88% of the training time (95% confidence interval 72–100%). The average gain factor of recorded viewing distance relative to instructed viewing distance (30, 50, 100, or 150 cm, depending on visual acuity) was 0.96 (95% confidence interval 0.92–1.00), indicating that participants typically adopted a viewing distance that was ∼4% closer than instructed. This value lies within the 10% distance limit implemented in the app. Larger distance deviations triggered a warning message on the screen. Supplementary Table 1 lists the number of completed training sessions for all participants. The majority, 25 subjects (69%), completed all 40 training sessions.

As can be seen in Figure 3, training resulted in a gradual improvement of crowded acuity. Figure 3A shows the learning curve as a change in uncrowded (black) and crowded visual acuity (red) as determined with a 40-trial staircase procedure at the end of each uncrowded training (session 1–10) or crowded training (session 11–40), respectively. Figure 3B shows the training progress as measured from the size of last letter presented in that training session. All data are adjusted for single letter visual acuity at baseline to allow for averaging across subjects. The sudden increase in acuity values from training 11 onward therefore reflects the difference between crowded and single letter discrimination thresholds.
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FIGURE 3. Averaged learning curves. (A) Change in uncrowded (black) and crowded (red) letter discrimination thresholds with respect to the single letter discrimination thresholds measured at baseline. Letter discrimination thresholds were measured after each uncrowded (session 1-10) and crowded (session 11-40) training session with a short staircase procedure (Methods). (B) Change in size of the last-presented letter of a training session across the different training sessions. Error bars: ±1 s.e.m.


Surprisingly, the thresholds for uncrowded letter discrimination (black) seemed to go up over the first 10 training sessions with single letters. Linear trend analysis showed that this was the case for thresholds found with the single letter task that was performed after each training (r = 0.82, p = 0.003). However, for the size of the last letter that was presented in each training session, the trend was not significant (r = 0.47, p = 0.173). The discrepancy between the two measures might be due to the fact that the visual acuity measurements with the staircase procedures were done after the children just completed an entire training session of 350 trials.

Regression analyses performed on the following crowded training sessions (red learning curves, session 11-40), confirmed that the crowded letter discrimination improved significantly during training for both the threshold data and the size of the last letter shown in each session (threshold data Figure 3A: r = –0.70, p < 0.001; last letter size Figure 3B: r = –0.66, p < 0.001).



Improved Task Performance After Training

Thirty-six subjects came for post-training measurements.

Two computerized tests were administered before and after training, i.e., a single letter task and a crowded letter task (Figure 1C). Pre-training results were used to determine starting levels of the uncrowded and crowed training, respectively. The configuration of the crowded letter task was identical to the configuration of the crowded letter training. The single letter task was not completely similar to the uncrowded letter training, because it did not include the stimulus jump.


Single Letter Acuity

Training resulted in improvements in single letter acuity as measured by the single letter task (F(1,32) = 7.13, p = 0.012, ΔT0-T1 0.064 ± 0.017 logMAR, mean ± standard error of the mean, medium effect size Cohen’s d 0.62, Figure 4A).
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FIGURE 4. Task-specific changes after training. Pre training (Pre), post training (Post), and Difference (Pre training minus Post training) scores for (A) single letter acuity as measured with the single letter discrimination task, (B) crowded letter acuity as measured with the crowded letter discrimination task, and (C) crowding extent as measured with the crowded letter discrimination task. Positive difference values indicate improvements. The left-hand panels present bar graphs with data pooled for the two diagnostic groups. The right-hand panels present scatter plots where pre training data is presented on the horizontal axis and post training data is presented on the vertical axis. Data are split by diagnosis Albinism (Alb) and idiopathic IN (IIN). Points below the identity line indicate improvements. Error bars: ±1 s.e.m. *p < 0.05, **p < 0.01, and ***p < 0.001.




Crowded Acuity

Crowded acuity as measured with the crowded letter task also improved with training (F(1,32) = 9.49, p = 0.004, ΔT0-T1 0.16 ± 0.04 logMAR, medium effect size Cohen’s d 0.64, Figure 4B).



Crowding Extent

The crowding extent, i.e., the minimum distance needed between a threshold-size target and flankers to allow target recognition in the crowded letter task (Huurneman et al., 2012), was reduced after training (F(1,32) = 37.55, p < 0.001, ΔT0-T1 0.29 ± 0.03 logMAR, large effect Cohen’s d 1.42, Figure 4C).




Learning Transfer – Visual Acuity and Stereopsis


Distance Visual Acuity

Training resulted in uncrowded DVA improvements (F(1,32) = 31.11, p < 0.001, ΔT0-T1 0.15 ± 0.02 logMAR, Cohen’s d 1.30, Figure 5A).
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FIGURE 5. Learning transfer – visual acuity andstereopsis changes. Pre training (Pre), post training (Post), and Difference (Pre training minus Post training) scores for: (A) uncrowded and crowded distance visual acuity (DVA) and crowding intensity (DCI). Crowded DVA and DCI are split by diagnosis Albinism (Alb) and idiopathic IN (IIN). (B) Uncrowded and crowded near visual acuity (NVA) and crowding intensity (NCI). (C) Stereopsis. Error bars: ±1 s.e.m. *p < 0.05, ***p < 0.001.


Improvements in crowded DVA were diagnosis-dependent (F(1,32) = 9.46, p = 0.004, Figure 5A). Children with idiopathic IN showed large improvements (ΔT0-T1: 0.24 ± 0.02 logMAR, F(1,14) = 112.67, p < 0.001, Cohen’s d 2.57). Children with albinism also showed significant, but smaller crowded DVA improvements (ΔT0-T1 0.13 ± 0.02 logMAR, F(1,16) = 35.28, p < 0.001, Cohen’s d 1.36).

Changes in distance crowding intensity (DCI) were also diagnosis-dependent (Figure 4B): children with IIN showed a reduction in their DCI (ΔT0-T1 0.08 ± 0.03 logMAR, F(1,14) = 6.89, p = 0.020, Cohen’s d 0.64) while children with albinism showed no significant change (p > 0.8).



Near Visual Acuity

Both uncrowded NVA and crowded NVA were improved after training (F(1,32) = 13.82, p < 0.001 and F(1,32) = 20.09, p < 0.001, respectively. Δ pre-post 0.09 ± 0.02 logMAR and 0.10 ± 0.02 logMAR, Cohen’s d 0.74 and 1.02). Near crowding intensity did not change signficantly (F(1,32) < 1).



Stereopsis

Even though the training did not include depth perception, it resulted in significant stereopsis improvements (F(1,32) = 4.91, p = 0.034; ΔT0-T1 0.19 ± 0.06 log(10) arc sec, Cohen’s d 0.57, Figure 5C).




Learning Transfer – Reading Performance

To determine reading curves, reading speed was measured for six font sizes (ranging from smallest readable font size with increasing steps of 0.15 logMAR). One boy was too young to perform the reading test at T0 (ID 2) and was therefore excluded from the reading analysis (total data set, n = 35).

After training, there were no significant improvements in reading acuity (RA, i.e., the size of the smallest readable font. Figures 6A,B, F(1,31) = 3.87, p = 0.058, Cohen’s d 0.62). Maximum reading speed (MRS) improved significantly after training (F(1,31) = 14.41, p < 0.001, Δ pre-post = –15 ± 2 wpm, Cohen’s d 1.04, Figure 6C). Age affected the changes in reading speed (F(1,31) = 4.55, p = 0.041): younger children showed larger improvements in maximum reading speed (r = 0.36). Since negative pre-post differences in MRS indicate improvements in reading speed, the positive correlation indicates that older children tended to show smaller improvements in reading speed.
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FIGURE 6. Learning transfer – reading and contrastcurves. (A) Pre and post training reading curves averagedacross subjects, (B) changes in reading acuity, (C) changes in maximum reading speed, (D) changes in critical print size, (E) changes in acuity reserve, and (F) pre and post contrast sensitivity curves (contrast sensitivity of 100 indicates a contrast sensitivity threshold of 1%, i.e., contrast sensitivity/100 = % Weber contrast). Error bars: ±1 s.e.m. ***p < 0.001.


Critical print size (CPS), the smallest font size with which children could achieve at least 80% of their MRS, and acuity reserve (AR), the difference between the smallest readable print size and CPS, were unaltered (F(1,31) < 1, Cohen’s d 0.31 and 0.01, respectively. Figures 6D,E). Training effects on reading performance were similar for children with idiopathic IN and children with albinism, even though the latter group had poorer RA and CPS at baseline (Supplementary Table 3).



Learning Transfer – Contrast Sensitivity

There is evidence that contrast sensitivity for small letters can improve after perceptual learning (Polat, 2009), even if the training paradigm only includes high (100%) contrast crowded letters (Chung et al., 2012). Contrast sensitivity was therefore determined for a range of letter sizes. For subjects with a crowded DVA ≤ 0.2 logMAR the sizes of presented letters were 1.3, 1.0, 0.7, 0.4, and 0.2 logMAR. If the crowded DVA was weaker than 0.2 logMAR, the range of letter sizes was shifted with the smallest letter size corresponding to the subject’s crowded DVA. Contrast sensitivity measurements were collected for 23 children (see Supplementary Table 3 for baseline data).

As expected, contrast sensitivity depended significantly on letter size (F(4,84) = 55.99, p < 0.001, Figure 6F). Neither diagnosis nor training affected the contrast sensitivity curve (diagnosis: F(1,21) < 1;training: F(1,21) < 1; training × letter size interaction: F(4,84) < 1. Figure 6F). There were no differences in changes between diagnostic groups either (F(1,21) < 1).



Self-Reported Improvements in Functional Vision


Functional Vision Questionnaire

Previous VPL studies have assessed visual functioning through psychophysical tests, as we have done above, but have, to our knowledge, not addressed how training influences daily life activities in individuals with IN. We found that training did ameliorate the impact of the subjects’ visual impairment on their daily life activities. Scores improved on three of the four subscales. Participants gave a lower score on the subscale ‘Home’ after training (F(1,32) = 4.17, p = 0.049, Cohen’s d 0.34, Figure 7A), indicating that they could perform activities at home with greater ease (e.g., watching television, doing household chores, or telling the time on a wall clock). There was a large impact on the ease with which participants felt they could perform their school activities (F(1,32) = 20.00, p < 0.001, Cohen’s d 0.80, Figure 7B). The scores also indicted a positive impact of training on mobility activities (F(1,32) = 5.06, p = 0.031, Cohen’s d 0.37, Figure 7C). However, children did not report changes in their visual impairment on leisure activities (F(1,32) = 2.18, p = 0.150, Cohen’s d 0.23, Figure 7D).
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FIGURE 7. Self-reported changes in functional vision. Average scores for the four activity categories of the Functional Vision Questionnaire for Children and Young People (FVQ_CYP): (A) home, (B) school, (C) sports, and (D) leisure. Lower VFQ scores indicate that childrenexperience a smaller impact of their visual impairment on daily lifevisual tasks. Error bars: ±1 s.e.m. *p < 0.05 and ***p < 0.001.





Long-Term Retention of Training Effects

Follow-up measurements were collected 6 months after training in 32/36 participants. One of these 32 children did not complete the computer measurements at T2 (ID 6). Long-term retention of training effects was evaluated in these participants by conducting a 3-way Repeated Measures ANOVA (T0-T1-T2) with the same between subjects factors entered as for the 2-way Repeated Measures ANOVAs. We only considered outcome measures for which we found significant short-term training effects.

As shown in Figure 8, the improvements remained stable over time for 12/13 outcome measures. The small impact of training on DCI in children with idiopathic IN was not significant at 6 months after training. Maximum reading speed (MRS) showed a further increase. For the computerized letter discrimination tasks, the difference between the pre-training and the follow up measures taken at 6 months after training (ΔT0-T2) was still highly significant (p’s < 0.010), while there were no differences between the post-test and 6 month follow-up measurements (ΔT1-T2) (Figure 8A).
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FIGURE 8. Retention of learning effects. For 32/36 subjects, follow-up measurements were collected 6 months after training. (A) Training effects measured with the computerized letter discrimination tasks. (B) Training effects measured with the distance visual acuity (DVA) charts. (C) Training effects measured with near visual acuity charts (NVA). (D) Training effects on reading speed. (E) Training effects on self-report measures of functional vision. Lower VFQ scores indicate that children experience a smaller impact of their visual impairment on daily life visual tasks. Error bars: ±1 s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not significant.


Six months after training, improvements in uncrowded and crowded distance (Figure 8B) and near visual acuity (Figure 8C) were completely intact. Maximum reading speed showed further improvement between the first and second post-test measure (Figure 8D). Notice that this improvement was two times smaller (ΔT1-T2 –8 ± 3 wpm) than the improvement that occurred between the pretest and the first post-test (ΔT0-T1 –16 ± 3 wpm). Finally, improvements on the functional vision questionnaire also remained intact over time (Figure 8E).



Number of Sessions Needed to Reach Plateau Performance

Following previous approaches, we used a three-parameter two-line segment curve to fit performance changes as a function of training session with the intersection point of the two lines indicating plateau performance (Li et al., 2008). When looking at the average learning curves, children reached plateau performance after 26 crowded training sessions (Figure 9A, for individual learning curves see Supplementary Figure 1). However, there was a lot of variability between subjects in the steepness of learning curve and in the number of training sessions needed to reach a stable learning plateau (Figures 9B,C). The number of training sessions needed to reach plateau performance and steepness of the learning curves could not be predicted by patient characteristics (i.e., diagnosis, age or baseline performance, r’s < 0.2). The total reduction of the acuity threshold determined from the training data, however, was correlated with the initial acuity values (r = –0.37, p = 0.029).


[image: image]

FIGURE 9. Number of sessions needed to reach plateau. (A) The average change in crowded letter acuity as a function of training session (results pooled for all individuals). Responses were fitted with a three-parameter two-line segment curve to determine performance thresholds as a function of training session with the intersection point of the two lines indicating plateau performance. (B) Histogram of the number of training sessions needed to reach plateau performance. (C) Histogram of the steepness of learning curves.





DISCUSSION

Our study indicates that children and adolescents with IN can use an e-health solution to train their visual functions. This is an important step toward more patient independence. The training program not only improves performance on the trained letter-discrimination tasks, but also improves visual acuities measured with clinical vision charts. Importantly, we also observed broad transfer of training effects to untrained tasks such as reading performance, untrained distances (i.e., visual acuity improvements were significant for both near and distance visual acuity) and even stereopsis. In addition, we now show that the training effects translate into improvements of daily life functioning (as assessed with a functional vision questionnaire), and that they are long lasting.


Specificity and Transfer

Specificity gives insight into the processes underling experience-dependent plasticity but can be an obstacle in the development of efficient rehabilitation protocols. Here we find that promoting conditions for generalization (see section “Introduction”) results in broad transfer to task relevant conditions (reading) and task irrelevant conditions (stereopsis), culminating in significant improvements of daily life visual functioning in children and adolescents with IN. Our VPL task is a letter discrimination training in which stimuli unpredictably appeared on the left or right side of a central probe and subjects had to direct their attention and gaze to an eccentric target, addressing a wide range of visual functions (i.e., processing speed, fine discrimination, spatial attention and accurate gaze direction). Targeting multiple features heightens the change for broad transfer (Sasaki et al., 2010) and sensorimotor areas might have played a key role (Law and Gold, 2008). The long-lasting nature of these effects supports the notion that the improvements are mediated by VPL, but some caution is called for. By embedding the training in an oculomotor task, they may have learned to better focus and/or redirect their attention. In this way, children might improve their performance on other tasks even though their saccadic reaction times did not change (not shown, but see Huurneman et al., 2016a). We can rule out the possibility that the generalization resulted from enhanced contrast sensitivity. These finding suggests that our training primarily influenced higher-level visual processing.

A limitation of the current study is that it did not include a control group. All subjects received the same treatment and, therefore, we could not test whether the eye movement component of the learning task did or did not contribute to (the generalization of) the learning effects. We did collect test-retest data for the single letter and crowded letter discrimination paradigm in a previous study and we have published information about test-retest visual acuity data (Huurneman et al., 2016c). These findings show that test-retest learning effects are negligible compared to the reported effects of training. Moreover, in a recent study we showed that natural maturation effects on visual acuity over a time period of 8–14 months are small (<0.05 logMAR) in a sample of younger children (age range 4–8 years, Huurneman et al., 2020). In the current study, we also measured spatial and temporal aspects of reading performance, which are likely to be more heavily influenced by natural development occurring between 7 and 18 years of age than visual acuity measures. Our study results show that improvements in reading speed were twice as large between T0 and T1 (i.e., after 5 months of training) compared to the improvement observed between T1 and T2 (i.e., after 6 months without training), indicating that only part of the improvements between T0 and T1 can be attributed to natural development.



Benefit of Prolonged Training

Improvements in crowded distance acuity and reading speed were larger than those observed in our previous project (see Supplementary Table 4 for a comparison of the training effects that were measured in both studies). The average improvement in crowded DVA measured with a standard vision chart after 10 training sessions was 0.11 ± 0.02 logMAR (Huurneman et al., 2016c) (pooled for the two diagnostic groups), while in the current project the effect after an average number of 37 training sessions equaled 0.18 ± 0.02 logMAR. In addition, maximum reading speed improved significantly in present study (15 ± 2 wpm), but not in the first (0 ± 1 wpm). Average learning effects on single letter discrimination and crowding extent, on the other hand, were remarkably similar to those reported earlier (Huurneman et al., 2017). The small impact of training on single letter acuity was expected, since there were fewer uncrowded than crowded letter training sessions. Note, however, that these comparisons are only group-level comparisons and that our previous study evaluated neither the level of retention nor the effects of training on daily life visual functioning.

Analysis of the individual learning curves indicated that the majority of our participants (26/36) needed more than 20 training sessions (10 uncrowded and 10 crowded training sessions) to reach a stable learning plateau (Figure 9B). The average learning curve indicates that 26 crowded training sessions were needed to reach plateau performance. A potential danger of prolonged training is that overtraining might resulting in a lack of generalization (Jeter et al., 2010). Here, we found no negative effects of prolonged training. Transfer of learning to untrained distances, reading performance and stereopsis was as good or better (see larger improvements in distance crowded visual acuity as measured with clinical charts) than in our previous study (Huurneman et al., 2016c).



Other Factors Influencing Learning

Diagnosis and age did not correlate with the number of training sessions needed to reach plateau or the steepness of the learning curve. There was also no statistically significant relation between baseline crowded DVA and training induced changes in crowded DVA (r = –0.10, p = 0.548). However, poorer baseline performance on the crowded letter task was associated with the performance improvements on the crowded letter task (r = –0.37, p = 0.029). This finding is consistent with findings in adults with amblyopia (Levi and Li, 2009) and adults with normal vision (Yehezkel et al., 2016). A recent review indicates that age, treatment type (dichoptic treatment, perceptual learning, and videogames), amblyopia type and training duration were not predictive of VA improvements (Tsirlin et al., 2015). The finding that age does not affect treatment outcome in VPL is in contrast with amblyopia patching studies in which age does predict improvement (Wu and Hunter, 2006). Vision improvements induced by VPL and patching may result from different learning mechanisms with VPL depending less on retinotopic early visual cortex plasticity and more on non-retinotopic higher brain areas involved in attention engagement and decision making (Xiao et al., 2008). However, the locus of VPL is not a fixed concept and seems to depend on training factors (Maniglia and Seitz, 2018). There is evidence that older adults (aged 60-86 years) benefit as much from VPL as young adults (aged 18-35 years) (Andersen et al., 2010; Li et al., 2017). In sum, VPL appears to be an effective strategy to improve vision across life span, but it is still difficult to predict training outcome based on individual characteristics (e.g., diagnosis, treatment type or training duration).



Differences in Learning Effects Between Diagnostic Groups

Children with idiopathic IN showed significantly larger improvements than children with albinism on measures that capture crowding: (1) crowded DVA, and (2) distance crowding intensity. These new findings corroborate our idea that albinism limits perceptual learning by more fundamental abnormalities of the visual system compared with idiopathic IN (Huurneman et al., 2017). Many hereditary forms of IN (e.g., the x-linked forms isolated to the FRMD7 gene, Thomas et al., 2008) do not have a detectable ocular defects and there is lack of consensus about the neural mechanism underlying IN (Abadi, 2002; Harris and Berry, 2006; Gottlob and Proudlock, 2014). There is also lack of consensus about the mechanism underlying amblyopia (Maurer and Mc, 2018; Kiorpes, 2019). Both IN and amblyopia may be regarded as neurodevelopmental disorders of the visual system (Harris and Berry, 2006; Maurer and Mc, 2018) and both appear to be particularly receptive to VPL. By contrast, effects of VPL in individuals with ocular impairment seem to be smaller and less stable. For example, in patients with a retinal defect (Stargardt disease) ten sessions of VPL yielded an initial improvement of reading speed and VA, but these improvements were no longer visible 6 months later (Sasso et al., 2019). However, there is evidence of long-lasting PL effect in age-related macular degeneration, which is similar to Stargardt’s disease (Maniglia et al., 2016). We think that there may be two reasons why individuals with visual developmental disorders tend to benefit more from VPL than those with ocular deficits. First, the adaptive abilities of the eye may be more limited than the adaptive abilities of the human brain (plasticity principle). Second, the quality of visual inputs to the brain will always be limited by the optical and sensory properties of the eye (garbage in - garbage out principle).



Retention of Learning Effects

Nearly all training effects were stable over the 6 months follow-up period. These findings extend previous findings on the long-term effects of perceptual learning (Hussain et al., 2012; Huurneman et al., 2020). We cannot completely rule out that some of the improvements were also due to natural maturation. The mean age of our participants was 10 years and 11 months, and at this age, visual functions (Jeon et al., 2010), and reading skills are still under development (Kwon et al., 2007). However, improvements in maximum reading speed occurring over the 5-months training period were two times larger (i.e., 16 wpm) than the improvements occurring in the 6-months without training between the first and second post-test (i.e., 8 wpm). To our knowledge, there are no studies reporting the changes in children’s reading speed as a function of age for the Radner test. There is a study which evaluated changes in reading skills as a function of age with the MNREAD test in normally sighted individuals aged 8-81 years (Calabrese et al., 2016). This study showed that in 8 to 16-year-old children, the average reading speed increases linearly with age by a factor of 8.3 wpm/year and that the average reading acuity improves by 0.01 logMAR/year in this age range. By comparison, the average improvement in reading speed that we found in children with IN after 20 weeks of training was almost two times larger than the average improvement in reading speed one might expect for a normally sighted child over a time period of 1 year and three times as large over the total duration of our study. Taken together, these findings indicate that training had a positive impact on the development of reading speed on top of natural maturation effects.




CONCLUSION

Training with an engaging perceptual learning app at home elicits broad and long-lasting vision improvements in youth with infantile nystagmus. This finding establishes perceptual learning as a valid, non-invasive treatment option to ameliorate the lifelong visual impairments associated with IN.
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Purpose: In eye movement perimetry, peripheral stimuli are confirmed by goal-directed eye movements toward the stimulus. The saccadic reaction time (SRT) is regarded as an index of visual field responsiveness, whereas in standard automated perimetry (SAP), the visual field sensitivity is tested. We investigated the relation between visual field sensitivity and responsiveness in corresponding locations of the visual field in healthy controls and in patients with mild, moderate and advanced glaucoma.

Materials and Methods: Thirty-four healthy control subjects and 42 glaucoma patients underwent a 54-point protocol in eye movement perimetry (EMP) and a 24-2 SITA standard protocol in a Humphrey Field Analyzer. The visual field points were stratified by total deviation sensitivity loss in SAP into 6 strata. A generalized linear mixed model was applied to determine the influence of the various factors.

Results: The generalized linear mixed model showed that the mean SRT increased with increasing glaucoma severity, from 479 ms in the control eyes to 678 ms in the eyes of patients with advanced glaucoma (p < 0.001). Mean SRTs significantly increased with increasing SAP sensitivity loss. Even at the locations where no sensitivity loss was detected by SAP (total deviation values greater or equal than 0 dB), we found lengthened SRTs in mild, moderate and advanced glaucoma compared to healthy controls (p < 0.05) and in moderate and advanced glaucoma compared to mild glaucoma (p < 0.05). At locations with total deviation values between 0 and −3 dB, −3 and −6 dB and −6 and −12 dB, we found similar differences.

Conclusions: The lengthened SRT in areas with normal retinal sensitivities in glaucomatous eyes, i.e., planning and execution of saccades to specific locations, precede altered sensory perception as assessed with SAP. Better understanding of altered sensory processing in glaucoma might allow earlier diagnosis of emerging glaucoma.

Keywords: eye movement perimetry, saccadic reaction time, eyetracking, visual field, glaucoma


INTRODUCTION

In patients with suspected or confirmed glaucoma, visual field (VF) testing is the standard procedure to assess visual field sensitivity (VFS). In glaucoma degeneration of ganglion cells and their axons, which form the optic nerve, leads to permanent loss of the associated parts of the visual field (1). The two main types of glaucoma are open-angle glaucoma and angle-closure glaucoma. The exact etiology is unknown but the most important risk factor is high intraocular pressure. An important third type is secondary glaucoma which is the result of an identifiable cause. Eventually, the loss of ganglion cells results in visual impairment due to tunnel vision and can result in blindness. The prevalence for the population 40–80 years is 3.54% therefore 76 million are affected in 2020 increasing to 112 million in 2040 (2). Treatment that lowers the intra ocular pressure slows progression but it is not curative. Standard automated perimetry (SAP), which has been widely used for several decades, is currently the gold standard in functional testing (3). During SAP, the subject's responses to visual stimuli projected in the central and peripheral visual field are evaluated while the subject is instructed to maintain fixation on a central target. Despite its worldwide application, the method has some drawbacks. Failure to suppress reflexive saccades and loss of fixation during the test is one reason for less reliable test results (4). Also, the interpretation can be challenging as the test is prone to false positive and false negative test results (5–7), high measurement variability (8), low reliability due to learning effects (9–11), fatigue (11) and cognitive decline (12). Numerous adaptations have been proposed to improve the reliability of SAP, some of those are recent (13–16). Modifications to the testing algorithms, such as the implementation of the Swedish Interactive Testing Algorithm, primarily aimed at shortening the total test duration, did not significantly improve the test reliability (17, 18).

More recently, eye movement perimetry (EMP) has been proposed, an application that is based on the measurement of natural eye movement responses to visual features that appear at different locations in the visual field. The first EMP systems consisted of video recorded eye movement and a decision algorithm to confirm that a stimulus was detected (19). The investigators using this application visually graded all eye movements in response to stimuli with various intensity levels (range: 15 dB from dimmest to brightest stimulus). The dimmest stimuli that were seen per location were obtained to plot the visual field. In subsequent studies, EMP was combined with eye tracking technology and more objective, automated confirmation of eye movements to assess the extent of the visual fields by using primary saccades (20, 21). Good agreement was found between the visual fields assessed with EMP and SAP (20, 22). EMP combined with eye tracking also provides characteristics of the primary saccades made to the seen stimuli, such as saccadic reaction time (SRT), saccadic velocity, and fixation accuracy (21, 23). It has been shown in healthy eyes that the SRTs depend on stimulus properties e.g., size, contrast, diameter, and spatial location in the VF (22, 23) and on subject characteristics such as age (24).

Previously, we conducted several studies on saccadic properties using an adapted visual field test paradigm. In healthy eyes, we reported low variability and good repeatability of SRTs across the visual field up to 30° eccentricity (21). In patients with cataract, we found no effect of cataract severity (LOCS III grades I through IV) on SRT and the sensitivity thresholds. In patients with LOCS III grade V, however, a 27% increase in SRT compared to grades I–IV was found (25). In patients with various degrees of glaucoma, distinct differences in average SRTs were found when the same test grid as in SAP was used (22, 26). These data provided insights into global visual field characteristics. However, how visual field sensitivity loss and SRT are related is still not known. Data that combine visual field sensitivity and SRT per tested location are currently not available.

In the present study, we investigated the relation between VFS (in decibels) and SRT (in milliseconds) in corresponding locations of the visual field in patients with mild, moderate, and advance glaucoma compared to healthy controls. We were particularly interested in how the SRTs compared between locations without any sensitivity loss in glaucoma patients and the equivalent areas in healthy eyes. We hypothesized that SRTs would increase with a decrease in VFS, and that SRT would be similar between comparable locations in healthy eyes and the unaffected locations in the visual field of glaucomatous eyes, under the assumption that SAP and EMP results are similar.



MATERIALS AND METHODS


Participants

We recruited healthy control subjects and subjects who were diagnosed with glaucoma from the Rotterdam Glaucoma Imaging Study (Netherlands Trial Register number: NTR1195) initiated by the Rotterdam Eye Hospital, Rotterdam, The Netherlands. The Rotterdam Glaucoma Imaging Study is a longitudinal study to assess established and experimental diagnostic technologies for glaucoma diagnosis. All subjects were over the age of 50 years, familiar with SAP, and naïve to the purpose of this study. Glaucoma patients with either primary open angle or angle closure glaucoma who had glaucomatous optic disc changes and corresponding visual field defects on HFA were included. Subjects with ocular or systemic disorders with known effects on the visual acuity or the visual field other than glaucoma were excluded. Participants consent was obtained before testing. The Medical Ethics Committee of the Erasmus University Medical Center, Rotterdam, The Netherlands (METC-2009-199) approved the experimental procedures. The study adhered to the Declaration of Helsinki for research involving human subjects.



SAP and EMP Recordings

Subjects underwent a standard white on white automated visual field test (Humphrey Field Analyzer IIi, 24-2 SITA-Standard, Carl Zeiss Meditec, Dublin, CA, USA). This device tests threshold light sensitivity (dB) on a 54-location grid with the test locations evenly spaced 6 degrees apart on 8 eccentricities: at 4.2°, 9.5°, 12.7°, 15.3°, 17.5°, 21.2°, 22.9°, and 27.2°. The results of this test were summarized in the ‘total deviation plot' in which the local sensitivity deviation with respect to the age-specific normal population's sensitivity is presented for each tested location. A subject was allocated to one of 3 ‘glaucoma severity groups' or the control group. The glaucoma severity was based on the average of all local sensitivity deviations per VF into one mean deviation (MD) value. The different glaucoma groups were defined as mild glaucoma (MD above −6 dB), moderate glaucoma (MD between −6 and −12 dB), and advanced glaucoma (MD below −12 dB). Reliability criteria were as recommended by the instrument's algorithm (fixation losses <20%, false positive and false negative errors <33%). Next, each subject underwent an EMP measurement. The eye tracking setup consisted of an ‘in-plane-switching' TFT monitor (ProLite XB2776QS, iiyama, Chuo, Tokio, Japan) to which a 60 Hz eye tracker (Tobii X2-wide, Tobii Technology AB, Danderyd, Sweden) was mounted according to product specifications to follow a subject's gaze. To minimize the variability in head movements, each subject was asked to place the head on a chin rest at a 55 cm distance from the monitor. The manufacturer of the Tobii X2 reported a system's latency of <35 ms, and an accuracy of gaze tracking better than 0.5°. After completing the standard 9-point calibration, a stimulus sequence in which the stimuli were presented in random order was shown on the TFT monitor with Tobii StudioTM software running on a Dell M6800 laptop computer. A correction glass was placed in front of the tested eye to correct the spherical equivalent of any individual's refractive error, and the contralateral eye was covered with a black polymethyl methacrylate (PMMA) disc. This disc ensured monocular viewing by blocking the vision of the covered eye while it allowed the eye tracker to track both eyes. The two eyes were tested in random order. The background luminance in the trial room was continuously kept low but not completely dark, and auditory noise levels were kept to a minimum to avoid any distraction. Before each exam, a standardized instruction was given: “First fixate the dot at the center of the screen; when an extra dot is seen, simply look at it, then fixate the central dot again.”



Test Procedure

In the center of the monitor, a central stimulus remained lit during the entire exam, and the background luminance was kept at 60% (126 cd/m2). The peripheral stimuli (equivalent Goldman size III) were presented on the monitor at four different brightness levels on a gray to white scale; 70% (162 cd/m2), 80% (202 cd/m2), 90% (244 cd/m2), and 100% (289 cd/m2). The peripheral stimulus size was corrected for eccentricity to minimize the effect of the flat monitor surface. The stimulus grid was identical to the 54 locations of the 24-4 SAP grid, allowing a pointwise comparison between SAP and EMP. Figure 1 shows a schematic representation of the used test grid. As a result, 216 unique stimuli were presented on the screen during each exam. To limit the total duration, we implemented an interactive testing paradigm. Each stimulus was projected with a maximum duration of 1,200 ms. However, once the detection algorithm confirmed the saccade toward a peripheral stimulus, the stimulus remained lit for an additional 80 ms before it disappeared. The delay between two consecutive trials was 0.2 s, thus the time between disappearance of the peripheral target and the start of a random foretime before a new peripheral target was shown. This random foretime ranged between 1.5 and 2.5 s. This algorithm reduced the testing time compared to our previous studies in which all stimuli were presented for 1,200 ms (21, 26). The total examination duration per eye was 4–5 min, whereas before, without the interactive paradigm, the test typically took 11 min.


[image: Figure 1]
FIGURE 1. Schematic representation of the 24-2 test grid. The local sensitivity deviation values (Left) and the corresponding SRT (Right) for the brightest stimuli for a patient with advanced glaucoma (MD −18 dB) are plotted. In the majority of locations with incomplete sensitivity loss (green and yellow squares), an SRT was calculated.




Data Analysis

Eye movement data were visually inspected and analyzed utilizing self-written Matlab (MathWorks, Natick, MA, USA) software (21). A trained investigator (GT) visually checked all trials to ensure validity. Further data processing was based on an earlier described method (25). In summary: an eccentricity dependent circular area around the peripheral stimuli was defined as the area of interest (AOI). The AOI radius increased linearly from 2° at the central locations to a 5-degree radius at 30° of eccentricity, because of the increase in saccade inaccuracy and imprecision with increasing eccentricity (27). Based on gaze angle data, a stimulus was classified as ‘seen,' ‘not seen,' or ‘invalid.' Of each ‘seen' stimulus, the SRT was calculated as the time difference between stimulus presentation and the onset of the saccadic eye movement. This onset was defined as the moment that gaze velocity exceeded a 50°/s threshold value. A peripheral stimulus was labeled as ‘unseen' when no eye movements were made toward the peripheral target. A peripheral stimulus was invalid when 1 the peripheral stimulus was seen but no valid SRT could be determined from the data due to blinking, 2. when the primary saccade did not land in the target area, 3. when the direction of the primary saccade was not in the direction of the peripheral stimulus or 4. when no eye movement data were available due to eye tracking failure. For a visual representation of these methods, we refer to previous work (25).



Statistics

In each tested location, we obtained the sensitivity threshold and the SRT value. We defined 6 so-called ‘SAP sensitivity bins' to which a location was allocated with its corresponding SRT value. These bins were defined based on the total deviation as follows: bin 1: > 0 dB, bin 2: 0 till −3 dB, bin 3: −3 till −6 dB, bin 4: −6 till −12 dB, bin 5: −12 till −18 dB, and finally bin 6: −18 dB and lower. Thus, each bin contained the SRT values of visual field locations with similar sensitivity loss. A non-parametric test (Wilcoxon signed-rank test) was used to test any between-group differences. Because of the hierarchical data structure (described below), a multilevel mixed model was used (generalized linear mixed model, SPSS, IBM) to determine the effect of different factors on the dependent variable SRT. This linear regression model took both the within subject and between subject variability into account by allowing a leveled structure. Three levels were used: (1) subject, (2) eye (control, mild, moderate, advanced glaucoma), and (3) stimulus eccentricity (8 eccentricities). The 8 eccentricity levels were defined as: 4.2°, 9.5°, 12.7°, 15.3°, 17.5°, 21.2°, 22.9°, and 27.2°. The model included the following individual factors: the subject's age as a continuous variable and their gender, the stimulus intensity and the glaucoma severity (either ‘glaucoma severity group' or ‘SAP sensitivity bin,' as these are correlated) as categorical variables. Any differences between the levels within individual factors were tested with pairwise contrast estimates. This paired approach allowed us to estimate and compare the mean SRT in control eyes and eyes with mild, moderate, and advanced glaucoma. All tests were done with IBM SPSS Statistics for Windows, version 23.0 (IBM Corp., Armonk, NY), and the significance level was set at p = 0.05.




RESULTS

We included 58 control eyes of 34 subjects and 76 glaucomatous eyes of 42 glaucoma patients. Nine (9) eyes of 9 control subjects were excluded because they did not meet the inclusion criteria. Six (6) eyes of glaucoma subjects were excluded because their glaucoma was only diagnosed in the contralateral eye. Three more eyes (1 control eye and 2 glaucomatous eyes) were excluded because eye tracking failed. Of all the presented 216 stimuli per subject, a total of 67% (in controls) and 35% (in patients) were marked as seen and 10% (in controls) and 38% (in patients) were marked as unseen. The remaining points were marked as ‘invalid' due to seen peripheral target but no valid SRT (due to blinking) (8 vs. 11%), peripheral saccade not in the target area (6 vs. 4%), primary saccade in the wrong direction (4 vs. 6%), or eye tracking failure (5 vs. 6%). Both eyes were included in 24 control subjects and 34 glaucoma patients. Based on SAP mean deviation, we had 32 mild glaucoma eyes, 15 moderate glaucoma eyes, and 29 eyes with advanced glaucoma (p < 0.001). There was no statistically significant difference in age between the groups (p = 0.41). The percentage of women in the groups ranged from 33% in the mild glaucoma group to 55% in the control group (p = 0.19). Table 1 summarizes the demographic characteristics of all groups.


Table 1. Demographic characteristics of the included eyes.
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The GLMM showed that the estimated mean SRT in the better eyes (566 ms) of glaucoma patients was significantly shorter compared to the worst affected eyes (652 ms; p < 0.001). There was no left (476 ms) vs. right (475 ms) difference in SRT in control eyes (p = 0.93). The estimated mean SRT increased with increasing glaucoma severity. While in the control eyes the SRT was 479 ms, it was 678 ms in the eyes of patients with advanced glaucoma (p < 0.001). Figure 2 shows this relationship between SRT and glaucoma severity. Here, the estimated means and their 95% confidence intervals of all four groups have been plotted. Pairwise contrasts showed statistically significant differences between all groups (p < 0.001) except between moderate and advanced glaucoma. Next, we found that with dimmer stimuli and larger stimulus eccentricity, the SRT increased significantly (Figures 3A,B). At 167 cd/m2 (the dimmest stimulus), the mean estimated SRT was 644 ms compared to 551 ms at 289 cd/m2 (the brightest stimulus; p < 0.001). Pairwise contrasts showed statistically significant differences between the groups (p < 0.001), except between 244 and 289 cd/m2 intensity (p = 0.61). For the brightest stimuli, the mean estimated SRTs ranged between 470 ms [at eccentricity group I (4.2°)] and 696 ms (at eccentricity group VIII (27.2°); p < 0.001). In the central visual field of healthy controls, we found a similar increase of SRT with increasing eccentricity; 373 ms at 4.2°, 411 ms at 9.5°, 434 ms at 12.7°, and 467 ms at 15.3°. Pairwise comparisons revealed that there was no significant difference in SRTs between 90 and 100% stimulus intensity (p = 0.608) and between moderate glaucoma and advanced glaucoma (p = 0.063). Age (p = 0.072), gender (p = 0.89), and right/left eye (p = 0.38) did not statistically significantly correlate with SRT. In Appendix 1, a comprehensive overview has been listed of all factors and their levels.
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FIGURE 2. Estimated mean saccadic reaction times per group. The estimated mean SRTs and their corresponding 95% confidence intervals for the control group and the three glaucoma groups are shown.
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FIGURE 3. Estimated mean saccadic reactions times: stimulus intensity and eccentricity. Estimated mean SRTs and their corresponding 95% confidence intervals stratified by stimulus intensity (A) and by stimulus eccentricity (B).



SRT vs. SAP Sensitivity Loss

The percentage of seen stimuli resulting in an SRT value was on average 35% in the patient group. This percentage decreased with increasing glaucoma severity, i.e., 51, 24, and 20% in the mild, moderate, and advanced glaucoma groups, respectively. In Figure 4A, the proportion of seen stimuli with a valid SRT has been plotted against the corresponding SAP sensitivity bin and stratified by glaucoma severity. In the control group, the proportion of seen stimuli decreased significantly with increasing SAP sensitivity loss. As expected, the proportion of trials in the higher SAP sensitivity bins increased with glaucoma severity. In Figure 4B, the corresponding SRT values have been plotted for the SAP sensitivity bins, again stratified by glaucoma severity. These values represent the estimated mean SRTs and their estimated corresponding 95% confidence intervals. Here, SRT increased with increasing glaucoma severity. A clear difference in SRT values was found between each of the glaucoma severity groups up to bin 5 (−12 to −18 dB). In each glaucoma group, the SRT gradually increased with lower sensitivity. All the comparisons between the SAP sensitivity bins have been listed in Appendix 2.
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FIGURE 4. Proportion seen trials and mean SRT per sensitivity bin. (A) Proportion of seen trials (%) for each of the 6 SAP sensitivity bins, stratified by the control group and glaucoma severity group. The proportion of seen stimuli decreased drastically with increasing SAP sensitivity loss. (B) Estimated mean SRTs and their corresponding 95% confidence intervals for the 6 SAP sensitivity bins, stratified by the control group and glaucoma severity group (dotted lines) show the increase of SRT with decreased retinal sensitivity.



Table 2. Between glaucoma severity groups comparisons for each of the 6 SAP sensitivity bins.
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The largest difference in SRT was found between the control group and the advanced glaucoma group: 161 ms, 171 ms, 185 ms (p < 0.001), 208 ms (p = 0.014), and 224 ms (p = 0.40) in bins 1, 2, 3, 4, and 5, respectively. Only one seen stimulus was included in the control eyes in bin 5 (see Figure 4A) compared to an average of 41 seen stimuli in the glaucoma groups in bin 5. This resulted in an unreliable increase of the corresponding 95% confidence intervals of the estimated mean. In Table 2, the details on each of the pairwise comparisons have been listed between the glaucoma severity groups per SAP sensitivity loss. Up to bin 4, most of the differences between the glaucoma severity groups in Table 2 were statistically significant. Interestingly, this also included the difference between the control group and the moderate/advanced glaucoma groups in bin 1 and 2. In these locations with very mild VF sensitivity loss, the mean estimated SRTs were significantly increased between the three glaucoma severity groups and the control group.




DISCUSSION

We investigated the relationship between SAP visual field sensitivity (VFS) and EMP saccadic reaction time (SRT). We confirmed previous findings that the SRT increased with greater SAP sensitivity loss. Interestingly, we also found that at locations with normal SAP sensitivity, however, glaucomatous eyes showed a significant increase in SRT compared to healthy eyes.


Saccadic Reaction Times in the Glaucomatous Visual Field

In our study, we primarily focused on the between location correlations rather than on the between-subjects correlations. All visual field locations with corresponding SAP sensitivity loss were grouped in one of the 6 SAP sensitivity bins. For each glaucoma severity level, the SRT values significantly increased. An overall increase in SRT between controls and advanced glaucoma was found of 42% (199 ms). Few data have been published on SRTs at locations without detectable visual field loss in patients diagnosed with glaucoma. A recent study by Najjar et al. reported hypometric and reduced velocity, amplitude, and gain in horizontal saccadic eye movements in patients with primary open-angle glaucoma without detectable glaucomatous visual field loss (28). The authors, however, did not report lengthened SRTs. In the present study, we found that within each of the SAP sensitivity bins, the estimated SRTs increased with increasing glaucoma severity. Even at locations with normal sensitivity, the SRTs showed increased values in the glaucomatous eyes.



Pre-perimetric Glaucoma

Optical coherence tomography (OCT) can detect glaucomatous damage to retinal ganglion cells and is more sensitive than SAP in detecting early glaucoma (29, 30). OCT nerve fiber layer measurements are more sensitive to detecting early damage than optic nerve head (ONH), macular and confocal scanning laser ophthalmoscope measurements (31, 32). Characteristic glaucomatous nerve fiber layer or optic disc damage (assessed with OCT) and in fundoscopic examinations) without visual field defects (assessed in SAP) is known as pre-perimetric glaucoma. OCT performs well in detecting preperimetric glaucomatous damage and provides additional information to fundoscopy and SAP (33). It is essential to recognize early forms of glaucoma and consider ocular hypotensive therapy because early treatment significantly reduces the risk of disease progression (34), even in pre-perimetric glaucoma (35). In turn, our data suggest that the increase of SRT, as measured with EMP, detects functional glaucomatous changes before detectable SAP sensitivity loss occurs. This is supported by the fact that at least 20–50% of retinal ganglion cells are lost before associated sensitivity loss in the visual field occurs (36–38). Our findings could implicate that motor-responses such as saccades are affected earlier than the sensory perception of stimuli in the visual field. It would be interesting to do a follow-up study to investigate how SRTs change with progressive disease, either pre-perimetric or perimetric.



Saccade Initiation and Eye Movements

Saccade programming, planning, and initiation is a highly complex process that involves numerous structures and pathways. Important nuclei are the lateral geniculate nucleus (LGN) in the basal ganglia, the superior colliculus (SC) and paramedian pontine reticular formation (PPRF) in the brain stem, and the frontal eye fields (FEF) in the frontal cortex (39). Signs of neurodegeneration (40, 41) of key brain structures in patients with open angle glaucoma and normal tension glaucoma (42, 43) have been described by a growing number of imaging studies and laboratory studies (44). What the exact causative relation is remains unclear and future studies will have to show if brain imaging can support clinical treatment of glaucoma patients. SRT is the sum of the total processing time, that consists of localizing the stimulus, planning, and initializing the saccadic eye movements. To what extent the different structures in the retina, frontal lobe, basal ganglia, and brainstem contribute to the increase of SRT in glaucoma is not clear. It has been suggested that the delayed SRT could be the result of damage to the retinal ganglion cells that project directly to the superior colliculus (SC) (45–47). Generally, the first sensitivity loss in glaucomatous visual fields occurs in the peripheral field. Walker et al. suggested that saccade generation may result from competitive interactions between the fixation system and the ‘move' system within and downstream of the SC (48). Peripheral sensitivity loss in glaucoma patients may very well favor the fixation system and have an accompanying negative effect on saccade initiation. The delay in SRT may arise in the first critical steps of visual processing in the retina, i.e., in the horizontal, bipolar, and ganglion cell layers. These cells are the first to be affected by the loss of nerve fibers (44). In recent studies that included timing of primary saccades to seen stimuli, a delay in saccade onset was found in glaucoma (26, 49). This delay was present in mild, moderate, and advanced glaucoma and increased with glaucoma severity (26, 45). Najjar et al., who studied saccades in pre-perimetric glaucoma and healthy subjects, did not find SRT differences between glaucoma patients and controls (28). This may be related to the different paradigm they used. It is also possible that the differences in our findings are caused by differences in the study populations. Also, several studies have shown that in patients with glaucoma, saccadic eye movements are affected in terms of amplitude, fixation duration, velocity, accuracy, and scan paths (28, 49–52). However, other studies did not find significant differences between glaucoma patients and healthy controls (45). Although not addressed in this study, these differences in saccade properties could suggest that the findings are dependent on the implemented test paradigm.



Factors That Affect Saccadic Reaction Times

Altered SRTs in intact parts of the visual field have also been reported in patients with several (neurologic) conditions such as Parkinson's disease (53) and in patients with brain lesions (54, 55). Bola et al. found impaired visual processing speed in the intact regions of the visual field of patients with pre- and post-chiasmatic lesions (54). The reaction times were related to the functional state of the surrounding visual field, as well as to the size of the visual field defect. It was suggested that these deficits could also contribute to subjective vision loss and therefore influence rehabilitation (55). When reviewing the literature of SRTs in prosaccades, we see large differences between stimulus conditions. The different study protocols vary considerably and therefore interpretation of the outcome and putting this into perspective with other work is not straightforward. Some examples are the differences in stimulus to background ratios and the dimensions of the tested visual field including differences in the directions of the eye movements. Most studies were limited to a small number of locations, mostly shown on a straightforward horizontal or radial axis grid, instead of a larger visual field grid used in standard automated perimetry, as we did in our study. In the present study, we were able to confirm previously reported SRT characteristics measured with EMP. The mean SRT difference between the dimmest and brightest stimuli in this study was 93 and 226 ms between the stimuli with the smallest and largest eccentricity. The magnitude of the SRT increase was comparable to what we have reported in previous work (21, 25). However, compared to the work of other groups, the SRTs increase as a function of eccentricity was striking and the SRTs that we found were relatively long compared to other groups. In these other studies, SRTs are found to be dependent of eccentricity (56), independent of eccentricity (57–59) or dependent only in a specific eccentricity range (27, 60). For example, Fuller et al. found an increase of SRT with slopes of 0.64–1.96 ms per degree of eccentric dependent on orbital starting position of the eye (56). The white stimuli that they used were flanked by a green and a red LED light and were presented at eccentricities ranging between 10 and 60 degrees on a horizontal axis. In a study in the 70's by Frost and Pöppel, all SRT were approximately 250 ms over a range of 40° (5°-45°) (57). The presented stimuli were white and 32 cd/m2 in intensity, and again shown only on the horizontal meridian. Dafoe et al. implemented a grid with 8 radial directions but tested only the central 8° of the visual field (58). They concluded that SRT was longer for the inferior hemi-field compared to the superior hemi-field and longer for vertical compared to horizontal targets, but found no effect of eccentricity. One exception was the most central test location at 0.5° which was removed from the final analyses because of low reliability of the data. Similar findings are reported by Casteau and Vitu in a 0.5–6 degree horizontal grid setup in a control experiment (59). The mean SRT was ~175 ms except for most central 1° test location (195 ms). In another experiment conducted by the same group these results were reproduced and confirmed on eccentricities between 2 and 15 degrees in several directions (0–90 degree). They did find increased SRTs for stimuli presented at <2° and >15° and also showed small variations in SRT in differences in direction. Lastly, Kalesnykas and Hallet found that SRT was quite stable of the central 12°, again with an exception for foveal stimuli and more peripherally presented stimuli (60). The red and green targets, with a luminance just above the dark-adapted foveal threshold, were presented in the peripheral nasal and temporal field and showed marked increases of SRT for eccentricities over 22° and in the region of the blind spot.

In contrast to these studies that report almost no SRT increase with an increase of eccentricity in the central 1–2° to 12° range, with an exception for the smallest (foveal) and more peripheral (roughly >15°) eccentricities, we found a more gradual increase in SRT over a wide range of eccentricities from 4.2 to 27.2 degrees in healthy control and glaucomatous eyes. Even compared to the experiment of Vitu et al. with clear similarities between their and our testing paradigms in the central visual field. To our knowledge this central SRT increase has not been reported before. This marked differences with eccentricity may be more prominent in our test due the higher degree of uncertainty associated with a high number of stimulus locations. The effect of stimulus to background ratios on SRT needs to be studied in more detail before any definitive conclusions can be drawn.



Study Limitations

As previously discussed, stimulus intensity is an important factor of SRT. The test grid in EMP and SAP was identical in this study, but the range of stimulus to background contrast ratios is considerably higher in SAP. In studies that use TFT monitors as projection screens, the contrast ratios are limited by the maximum luminance of the monitor. Despite this limitation, this approach does enable the end-user to assess differences in SRT. Higher contrast ratios could be achieved by other types of monitors or projection systems. Presumably, when lowering the stimulus to background contrast, this could lead to an increase in SRT variability. The increase of the SRT confidence intervals at greater SAP sensitivity loss (see Figure 4) suggests a reduced accuracy of the estimated mean SRT by the mixed model approach. The large confidence intervals were the result of the small number of trials that were included in these subgroups. This is, however, inherent to this type of data due to the scarcity of visual field points with very advanced visual field damage. In future experiments the intention should always be to try to limit the number of missing data, such as the missing values due to eye tracking failure. And, if testing time permits, repetition of identical trials is desirable to include seen stimuli including their SRT values. Also, SAP measurements are known to be subject to learning effects (10, 11). In this study, the subjects had already gained SAP experience. In previous work, the measurement variability in SRT between three subsequent measuring series was shown to be small in EMP (21).



Clinical Applicability

In recent years, eye tracker-based eye movement perimetry has gained popularity. Several research groups have picked up this approach to test the size and shape of the visual field (61, 62). The use of the natural response toward newly appearing stimuli in the visual field has the potential to improve visual field testing. Additional benefits of EMP are the low risk of false-positive errors, which are a known source of unreliability in SAP (6, 7), and patients' preference of EMP over conventional SAP (63). For clinical application, it would be interesting to compare SRT values obtained in patients with age-adjusted normative values. If EMP can detect glaucoma in a latent stage of the disease, this technique could be of use for screening purposes (63, 64).




CONCLUSIONS

This study showed that in patients with primary open angle glaucoma, saccadic reaction times, measured with eye movement perimetry, are increased in locations without detectable visual field sensitivity loss on standard automated perimetry. We speculate that this increase in SRT may result from pre-perimetric damage, i.e., structural damage not yet noticeable with SAP. This information may enable the development of tools that can quantify early functional changes in glaucoma. One essential comment is that saccadic initiation is affected by several factors, not merely by local retinal sensitivity loss. Further research will be required to investigate the underlying mechanisms and the effects of glaucoma on visual processing and saccade initiation.
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APPENDIX

APPENDIX 3. The results of the multilevel model of the individual factors (bold) and their levels.

APPENDIX 4. Between groups comparisons corresponding to the data presented in panel A of Figure 4.
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Current initiatives to restore vision emphasize the need for objective assessments of visual field (VF) defects as pursued with functional magnetic resonance imaging (fMRI) approaches. Here, we compared population receptive field (pRF) mapping-based VF reconstructions to an fMRI method that uses more robust visual stimulation (on-off block design) in combination with individualized anatomy-driven retinotopic atlas-information (atlas-based VF). We investigated participants with sizable peripheral VF-deficits due to advanced glaucoma (n = 4) or retinitis pigmentosa (RP; n = 2) and controls (n = 6) with simulated scotoma. We obtained (1) standard automated perimetry (SAP) data as reference VFs and 3T fMRI data for (2) pRF-mapping [8-direction bar stimulus, fixation color change task] and (3) block-design full-field stimulation [8-direction drifting contrast patterns during (a) passive viewing (PV) and (b) one-back-task (OBT; reporting successions of identical motion directions) to probe the impact of previously reported task-related unspecific visual cortex activations]. Correspondence measures between the SAP and fMRI-based VFs were accuracy, assisted by sensitivity and specificity. We found an accuracy of pRF-based VF from V1 in patients [median: 0.62] that was similar to previous reports and increased by adding V2 and V3 to the analysis [0.74]. In comparison to the pRF-based VF, equivalent accuracies were obtained for the atlas-based VF for both PV [0.67] and, unexpectedly, the OBT [0.59], where, however, unspecific cortical activations were reflected by a reduction in sensitivity [0.71 (PV) and 0.35 (OBT)]. In conclusion, in patients with peripheral VF-defects, we demonstrate that previous fMRI procedures to obtain VF-estimates might be enhanced by: (1) pooling V1-V3 to enhance accuracy; (2) reporting sensitivity and specificity measures to increase transparency of the VF-reconstruction metric; (3) applying atlas-based procedures, if pRF-based VFs are not available or difficult to obtain; and (4) giving, counter-intuitively, preference to PV. These findings are expected to provide guidance to overcome current limitations of translating fMRI-based methods to a clinical work-up.
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INTRODUCTION

Visual field (VF) testing is of critical importance for diagnosis and follow-up in ocular diseases. Standard automated perimetry (SAP) is primarily used for VF-assessment in clinical routine and regarded gold standard. Besides their widespread use, these conventional VF tests suffer from notable limitations. For example, they depend on the participant’s ability and compliance in performing the attentionally demanding subjective test and on the tester’s experience and skill (Gardiner and Demirel, 2008; Junoy Montolio et al., 2012). Such issues have emphasized the need and motivated the development of objective tests which do not require maximal patient compliance.

Interest in this field has been enhanced by current gene- and cell-based initiatives aiming at the restoration of retinal function in ocular diseases (reviews Jutley et al., 2017; Roska and Sahel, 2018), as these benefit from objective readouts of therapy success. Given the recent therapeutic advances at the level of the visual cortex with cortical implants (Beauchamp et al., 2020), one option for an objective VF assessment is the reconstruction of VF-coverage and identification of VF defects from the response patterns in the visual cortex obtained with functional magnetic resonance imaging (fMRI). This approach is based on the retinotopic layout of the visual information in the visual cortex, which can be directly obtained from fMRI data via (i) individualized VF-mapping, e.g., population receptive field (pRF) mapping (Dumoulin and Wandell, 2008), or (ii) indirectly via the application of a group-informed retinotopic atlas to the individual anatomy (Benson et al., 2014). (i) Individualized VF-mapping has been widely applied not only to map and investigate normal visual cortex functioning in healthy individuals (Harvey and Dumoulin, 2011; Wandell and Winawer, 2015; Prabhakaran et al., 2020), but also to provide insights on the interplay of visual cortex stability and plasticity in vision disorders (Baseler et al., 2011; Barton and Brewer, 2015; Hoffmann and Dumoulin, 2015; Ahmadi et al., 2020, 2019). For each voxel in the visual cortex, a model-based analysis of the participant-specific pRF-mapping data is applied to estimate the preferred eccentricity and receptive field size for a population of neurons in that voxel. Subsequently, this can be projected back to the VF for the reconstruction of a VF-map. Previous studies demonstrated a good correspondence of pRF-based VFs with subjective VF-prediction in both patients with VF-defects (Papanikolaou et al., 2014; Silson et al., 2018; Ritter et al., 2019; Carvalho et al., 2021) and healthy individuals with simulated scotomas (Hummer et al., 2018). (ii) For the atlas-based approach, cortical fMRI responses from full-field stimulation (i.e., non-mapping) can be projected into the VF via information from an anatomically driven participant-specific retinotopic atlas. Despite a potential utility of atlas-based VF-predictions, reports addressing this are very limited (Cideciyan et al., 2015) with most studies restricting the use of retinotopic atlases to only delineate visual areas. In fact, the pRF-based approach is intuitively expected to be of highest accuracy. Accordingly, Ritter et al. reported for the pRF-based reconstruction of peripheral VF defects (similar to the present study’s patient cohort) in retinitis pigmentosa (RP) from V1 a median accuracy of 0.85 [range: 0.49–0.98 (n = 7)] (Ritter et al., 2019). It should be noted, however, that this approach is subject to the availability of reliable pRF-mapping data and the patient’s reliable fixation of the central fixation target. Importantly, the atlas-based approach is much less dependent on patient’s compliance as it applies more robust visual stimulation in a simple on-off block design. To assess its potential, a direct comparison of pRF- and atlas-based approaches is needed. The present investigation is aiming to fill this gap.

We address the question of how atlas-based and pRF-based reconstructions of VF defects compare for V1 and how they benefit from the inclusion of activity in V2 and V3. We ascertain a quantitative comparison of the different fMRI-based VF predictions to the subjective SAP-derived VFs. Further, the effect of adding stimulus-related attention on atlas-based reconstructions is determined. Finally, we assessed the potential improvement of the VF-reconstruction for a combined pRF- and atlas-based approach [Bayesian Benson (here termed “Combined”): Benson and Winawer, 2018].



MATERIALS AND METHODS


Participants

Individuals with sizable peripheral VF-deficits due to advanced glaucoma (n = 4) or RP (n = 2). Age of the patients ranged between 46 and 78. One of the RP patients was also diagnosed with secondary glaucoma. One additional participant with RP was excluded on grounds of unreliable mapping data (not included in the above sample size). Healthy controls (HCs) with normal vision [best-corrected decimal visual acuity ≥ 1.0 (Bach, 1996); n = 6] were also included for comparisons. Written informed consents and data usage agreements were signed by all participants. The study was conducted in adherence to the tenets of the Declaration of Helsinki and was approved by the ethics committee of the University of Magdeburg.



Visual Field Testing

Standard automated threshold perimetry (SAP) of the central 30° was performed to measure visual sensitivity using 24-2 Swedish Interactive Threshold Algorithm protocol [Goldmann size III white-on-white stimuli; either: Humphrey Field Analyzer 3 (SITA-Fast); Carl Zeiss Meditec AG; Jena, Germany; or (n = 2): OCTOPUS® Perimeter 101, Haag-Streit International, Switzerland; dG2; dynamic strategy]. The SAP-based VFs served as the reference for the correspondence analysis with fMRI-based reconstructions.



Fixation Stability

An MP-1 microperimeter (Nidek, Padua, Italy) was used in the patient cohort (except GL3) to ascertain the fixation stability of a central fixation target. Fixations were tracked with 25 Hz and the proportion of fixations falling within the central 2° radius was determined using built-in MP1 analysis. All the patients had stability greater than 96%.



Functional Magnetic Resonance Imaging Measurements

All magnetic resonance imaging (MRI) and fMRI data were collected with a 3 Tesla Siemens Prisma scanner (Erlangen, Germany). One high-resolution whole brain anatomical T1-weighted scan (MPRAGE, 1 mm isotropic voxels, TR | TI | TE = 2500 | 1100 | 2.82 ms) was collected for each participant. fMRI scans parallel to the AC–PC line were acquired using a T2∗-weighted BOLD gradient-EPI sequence (TR | TE = 1,500 | 30 ms and voxel size = 2.53 mm3). An inversion recovery EPI sequence (TR | TI | TE = 4,000 | 1,100 | 23 ms) with spatial coverage (FOV) and resolution identical to the T2∗ EPI was obtained to aid in the alignment of structural and functional data. The visual stimuli for fMRI were generated with Psychtoolbox-3 (Brainard, 1997; Pelli, 1997) in MATLAB (MathWorks, Natick, MA, United States) and back-projected to a screen [resolution: 1,920 × 1,080 pixels] at the rear end of the magnet bore. The visual stimulus was viewed monocularly with the better eye based on SAP [mean deviation (MD) and extent of VF-defect] in the patients and the dominant eye in the controls at a distance of 35 cm via an angled mirror. Only the lower section of a 64-channel head coil was used effectively resulting in a 34-channel coil to allow for an unrestricted view of the entire projection screen. For each participant, we collected in two separate sessions, fMRI data for (1) pRF mapping and (2) block-design full-field stimulation. The block-design data had been analyzed for a previous publication (Prabhakaran et al., 2021), which provided the extraction criteria for the selection of stimulation-driven voxels in our present analysis.


Population Receptive Field (pRF) Mapping


Visual stimulation

For visual stimulation a moving checkerboard stimulus pattern was presented [directions: 8 (2 horizontal, 2 vertical, and 4 diagonal); mean luminance: 109 cd/m2; contrast: 99%; check size: 1.57°), exposed through a bar aperture [width: 1/4th (3.45°) of the stimulus radius (13.8°)]. The bar propagated across a circular aperture spanning the stimulus radius in 16 steps [step rate = 1.75°/repetition time (TR); TR = 1.5 s] within 24 s per bar directions. The sequence of the bar direction alternated with a horizontal or vertical sweep followed by a diagonal sweep, for which only the first 12 s of the sweep were presented and the later 12 s of the sweep were replaced by a mean luminance gray. For the controls, mapping data were obtained with an artificial peripheral (>7°) and complete lower right quadrant scotoma. Each pRF-mapping scan lasted 192 s and was repeated six times for the patient cohort and four times for the controls. The participants responded to a fixation-dot color change via button press.



Preprocessing and analysis

Freesurfer1 was used for the automated segmentation of gray-white matter boundaries and ITK gray software2 for the manual correction of segmentation errors. For each individual participant, within and between-scan head motion artifacts in the fMRI scans were corrected with AFNI3 and the motion corrected functional images were aligned spatially to the anatomical scan using Kendrick Kay’s alignment toolbox.4 Using MATLAB based Vistasoft tools,5 the motion-corrected fMRI time series were averaged together and for each voxel, the aggregate receptive field properties of the underlying neuronal population were estimated using a 2D-Gaussian pRF-model. The model is described by three stimulus-referred parameters; pRF-center or the position preferred in the VF (x and y in Cartesian coordinates) and the spatial spread (σ). The time course of the stimulus is convolved with a canonical hemodynamic response function (HRF; Friston et al., 1998) to predict a voxel’s fMRI response. Approximately 100,000 predictions were generated for different plausible combinations of pRF parameters (x, y, σ) and the optimal pRF parameters, best fitting the predicted and actual voxel time-series were estimated by minimizing the sum of squared errors (RSS) between the two. Position parameters were used to compute voxel-wise eccentricity[image: image]) and polar angle [image: image] and the fitted 2D-Gaussian spatial spread was used to compute the pRF-size. For each participant, borders of the primary (V1) and extra-striate (V2 and V3) visual cortex were delineated by following the phase reversals in the polar angle data (Sereno et al., 1995) projected onto their inflated cortical surface.



Visual field coverage

We generated the coverage maps by back projecting the voxel-wise pRF estimates to a high resolution matrix (128 × 128) representing the VF. The coverage map shows the locations in the VF that elicit a significant response from the cortical voxels. Only voxels with an explained variance ≥15% were included for the generation of the VF-maps. The threshold was chosen based on existing literature (Baseler et al., 2011; Haak et al., 2012; Barton and Brewer, 2015). The pRF-center of each voxel along with its width (2D-Gaussian) was overlaid on the VF-matrix. In this way, each location in the VF might be represented by more than one pRF and the one with the maximum value was taken as the coverage measure at that specific location. The pRF coverage ranges between 0 and 1, where lower coverage values indicate a possible scotoma.



Block-Design fMRI


Visual stimulation and data analysis

Participants viewed a high-contrast pattern stimulus within a rectangular aperture [width: 48°; height: 28°] drifting in eight different directions, while maintaining fixation on a centrally located fixation dot. fMRI data were obtained during (a) passive viewing (PV) and (b) one-back-task (OBT; reporting the succession of identical motion directions) of the stimulus. In the controls, we simulated an artificial peripheral scotoma exposing only the central 7° of the stimulus through a circular aperture. The temporal sequence of each run followed a block design with 10 cycles of 12 s motion block (stimulus presentation) alternating with 12 s of mean luminance gray (24 s per cycle). Within each motion block, the direction of the contrast pattern was randomly changed every second (i.e., 12 trials per block). In each 1 s trial, the stimulus was presented for 750 ms followed by a 250 ms mean luminance gray. This fMRI data-set was analyzed previously for the assessment of task-dependences of the fMRI responses (Prabhakaran et al., 2021). Since, we use the results from these data exclusively for the selection of voxels for the VF-reconstruction analysis of the present study, we refer to the publication for details on preprocessing and analysis steps. Briefly, fMRI BOLD responses for the two conditions were quantified via voxel-wise phase specified coherence at the stimulation frequency [coherenceps (Masuda et al., 2008)].



Visual field reconstruction

For our non-mapping based VF-reconstruction a two-step strategy was employed, i.e., as first step we extracted pRF estimates from the retinotopic atlas for the voxels activated by the fMRI stimulus, as second step we reconstructed the VF based on these estimates. Specifically, we extracted the voxel coordinates which will be used for generating the VF-coverage maps from the fMRI data [threshold: coherenceps ≥ 0.30; p < 0.001 (uncorrected) (Silver et al., 2005)] and applied pRF-estimates from an atlas-defined retinotopic template to these voxels (Benson et al., 2014). The atlas has previously been demonstrated to predict the retinotopic organization of the visual cortex with high accuracy using only a participant’s brain anatomy. The anatomical retinotopic template is based on fMRI-based retinotopic mapping data and T1-weighted anatomy from 25 healthy participants as detailed in Benson et al. (2014). For the application of this template to the data-sets of the present study, a 3D cortical surface was generated from the anatomy of each participant and is inflated and flattened to a 2D surface. The patterns of the gyral and sulcal curvatures are used to register the 2D cortical surface between participants. Based on algebraic functions describing the topographic organization of the visual cortex (Schira et al., 2010), positions in the VF are mapped to points in the cortical surface. This algebraic retinotopic model is registered to the aggregate functional imaging data across the participants to construct the anatomical retinotopic template. With the voxel-wise pRF estimates from the template, we generated the VF-coverage maps applying the same procedure that was employed with the pRF mapping data. Separate coverage maps were computed for PV and OBT, respectively.

In addition, a Bayesian adaptation of the atlas-based approach (Benson and Winawer, 2018), i.e., combining participant-specific pRF-data with the retinotopic atlas, was also evaluated (here termed “Combined”). Coverage maps were generated similarly to the atlas-only approach.



Quantification of Correspondence

On a participant-to-participant basis, the MD samples located in the central 14° of the SAP VFs were upsampled to match the spatial resolution [128 × 128] of the fMRI-derived coverage maps for a quantitative comparison. Subsequently, the coverage maps were binarized into responsive and non-responsive locations for the detection of absolute scotomas (threshold: MD −26 dB, i.e., sensitivity < 0 5dB). Similarly, fMRI-based VF-coverage maps were thresholded at a value of 0.7, in accordance with Ritter et al. (2019) for better comparability. Exploratory analysis with other threshold values below and above 0.7 resulted in suboptimal correspondence. VF-locations corresponding to the blind spot were not included in the analysis.

The primary correspondence between SAP and fMRI-based VFs was determined as in Ritter et al. (2019) and is defined by:

[image: image]

The range of Accuracy is between 0 and 1, with higher values indicating a better agreement between the compared coverage maps.

For further exploratory evaluation, we also computed the sensitivity and specificity of fMRI for the scotoma detection as auxiliary measures.

[image: image]
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Statistical Analysis

Data for the statistical analysis were prepared in MATLAB (MathWorks, Natick, MA, United States) and statistics were performed with the software “R,” version 3.4.1. Shapiro Wilk’s test was used to test the normality assumptions of the data and an appropriate test was chosen based on its outcome. For within group statistics, one-sample t-test of the differences between measures, conditions or approaches were used and for between-group statistics two-sample independent t-tests were employed. It should be noted that the statistics for the additional auxiliary measures, i.e., sensitivity and specificity, were not corrected for multiple comparisons, due to their exploratory nature.



RESULTS

In patients with advanced peripheral VF defects and controls with artificial scotomas, we investigated the scope of fMRI as an objective tool for VF-predictions. In a comparative approach with SAP-derived VFs, we determined the accuracy of different fMRI-based VF-reconstruction approaches [based on (1) pRF-mapping; (2) participant-specific anatomy driven retinotopic atlas for PV; and (3) OBT] and assessed the association of the fMRI-SAP correspondence with clinical characteristics.


Cortical Representation of the VF-Defects

In all participants, we found a qualitative correspondence of the SAP-VF and the fMRI-based cortical VF maps. As an example of the cortical maps obtained, the eccentricity map derived from pRF mapping in a representative glaucoma participant (GL1) is depicted in Figure 1A. The maps clearly demonstrate a restricted representation in the anterior dorsal regions of the primary visual cortex (V1), which topographically corresponds to the lower peripheral VF defect of this participant. The superposition of the participant’s SAP-based VFs on the pRF-derived coverage maps (Figure 1B), demonstrates qualitatively the correspondence between the MRI and SAP-based VF-predictions. In controls with artificial scotoma, we report a similar correspondence between the two modalities, as depicted for a representative control participant in Figures 1C,D.


[image: image]

FIGURE 1. Population receptive field (pRF) mapping derived eccentricities of a representative glaucoma participant (GL1; stimulation of left eye) with lower VF-defect (scotoma) (A) and a control (HC5; stimulation of left eye) with simulated peripheral (>7°) and lower right quadrant scotoma (C) mapped on their subjective inflated right and left visual cortex, respectively. Dashed black lines in panels (A,C) illustrate the primary visual cortex V1 boundaries. False-color representation from dark orange to dark blue illustrates the retinotopic progression of eccentricities from 0° to 14°. Restricted representations are visualized in the regions of the cortex corresponding to the VF-deficits (depicted by the red borders). Panels (B,D) show the subjective VFs predicted by SAP overlaid on the pRF-based VF coverage map of the glaucoma patient and control, respectively. In panel (B), sensitivity < 0 dB (indicated by gray discs) indicates absolute scotoma location in the glaucoma participant. In panel (D), the white dashed pie represents the boundary of stimulated VF in the controls; the simulated scotomatous VF locations are indicated by the gray discs in the control. The superimposed plots clearly demonstrate the correspondence between the SAP-based and pRF-based VF-reconstructions for both, patient and control.




Population Receptive Field-Based VF Reconstruction – Quantification of Agreement


How Does V1 pRF-Based VF Reconstruction Compare to Previous Reports?

We observed a strong correspondence between SAP-based and pRF-based VFs in our patient cohort (n = 6) with advanced peripheral deficits caused by glaucoma or RP [median accuracy (range): 0.62 (0.32–0.88)], which is similar to previous reports [e.g., RP patients in Ritter et al., 2019; accuracy (range): 0.85 (0.49–0.98)]. Remarkably, in our further separate evaluations of sensitivity and specificity in the patient cohort, we observed not only a high sensitivity of pRF-mapping in predicting VF-defects [median (range): 0.91 (0.74–1.0)], but also large false positive predictions of VF-defects [low specificity: 0.24 (0.11–0.99)]. We report a similar pattern in the sensitivity-specificity profile for our control cohort [accuracy: 0.74 (0.63–0.83); sensitivity: 1.0 (1.0–1.0); specificity: 0.41 (0.16–0.63)], which indicates this effect to be not patient-specific. Such an increase in false positives in the detection of VF-defects is likely associated with signal dropouts that are not exclusive to the regions of the visual cortex deprived of visual input, but that also affect the visually intact cortex (e.g., due to cortical folding patterns or venous anatomy), i.e., false-positive scotoma detection. Therefore, we investigated whether the low specificity arising from false-positive scotoma can be mitigated by pooling information from the early visual cortex (V1 through V3).



Does the Accuracy, Sensitivity, Specificity Benefit From Including V1–V3?

To address the issue of asymmetric sensitivity-specificity profiles observed in the above V1-based VF reconstructions, we tested how accuracy, sensitivity and specificity measures for scotoma detection compare between V1–V3-pooled and V1-only data. In the patients, we observed as expected a trend to higher accuracies [median (range): 0.74 (0.62–0.92)] and an increased balance between the sensitivity [0.86 (0.6–1.0)] and specificity [0.58 (0.33–1.0)] than for the reconstructions based on V1-only [accuracy: 0.62 (0.32–0.88); sensitivity: 0.91 (0.74–1.0); specificity: 0.24 (0.11–0.99)]. In the controls with simulated scotoma an even higher correspondence of SAP and fMRI-based VF predictions was observed [accuracy: 0.83 (0.71–0.87); sensitivity: 1.0 (0.98–1.0); specificity: 0.63 (0.32–0.73)] compared to measures from V1-only [accuracy: 0.74 (0.63–0.83); sensitivity: 1.0 (1.0–1.0); specificity: 0.41 (0.16–0.63)] (see also Figure 2). The individual VF reconstructions are depicted in Figures 3, 4 for patients and controls, respectively. At the individual level, in comparison to V1-only metrics, a quantitative assessment of the VF-reconstructions for V1–V3-pooled data demonstrated a better correspondence accuracy between SAP and pRF-based VFs for 5/6 patients (exception: GL4; t(5) = 1.3, p = 0.255) and for all (6/6) controls [t(5) = 3.5, p = 0.017]. Taken together, there was a trend to increased accuracies for V1–V3 based VF-reconstructions, which reached significance in the controls. Consequently, we performed all subsequent analyses for the V1-V3-pooled data.
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FIGURE 2. Group-level fMRI-SAP correspondence measures (accuracy; sensitivity; and specificity) of the early visual cortex (V1–V3-pooled) for the different fMRI approaches (pRF, PV, and OBT) visualized as line plots for the patients (n = 6) and controls (n = 6). Each data point and error bars represent the median of the corresponding measure and its median absolute deviation (MAD) around the median.
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FIGURE 3. Comparison of subjective (SAP) and objective (fMRI) VF-reconstruction (V1–V3-pooled) in patients. Each row represents one participant, the description for the columnar subplots are as follows: SAP: Upsampled and interpolated SAP VFs for the central 14° (radius); SAP (Binarized): Binarization was performed by thresholding the SAP VFs into responsive (yellow) (MD ≤ –26) and non-responsive (scotoma) (MD > –26) locations; Columns VF – pRF, PV and OBT: Binarized pRF-based and atlas-based (PV and OBT) coverage maps, thresholded at a pRF coverage of 0.7; Correspondence (SAP and fMRI): accuracy; sensitivity; specificity for the different fMRI approaches (pRF, PV, and OBT) visualized as line plots.
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FIGURE 4. Comparison of subjective (SAP) and objective (fMRI) VF-reconstruction (V1–V3-pooled) in controls. Each row represents one participant, the description for the columnar subplots are as follows: Columns SAP-pRF and SAP-Full-field: Upsampled and interpolated SAP VFs for the central 14° (radius) for comparison with pRF-based and atlas-based coverage maps, respectively. The reason for two different SAP-VFs is, in addition to a peripheral artificial scotoma (>7°), the pRF-mapping stimulus had a quadrantopic scotoma stimulation as well. SAP-pRF and Full-field (Binarized): Binarization procedure for the two SAP-based VFs followed same convention as in Figure 3. Columns VF – pRF, PV, and OBT: Binarized pRF-based and atlas-based (PV and OBT) coverage maps, thresholded at a pRF coverage of 0.7; Correspondence (SAP and fMRI): conventions same as Figure 3.




Atlas-Based VF Reconstruction

Subsequent to the demonstration of a strong correspondence of pRF-based and SAP-based VFs, we investigated the feasibility of non-mapping based fMRI for VF predictions, as it has the potential to increase the utility and availability of fMRI-based objective VF-testing and its translation to clinical routine.


How Do pRF-Based and Atlas-Based VF Reconstructions of VF-Defects Compare?

In the patients, compared to mapping-based predictions [accuracy: 0.74 (0.62–0.92); sensitivity: 0.86 (0.6–1.0); specificity [0.58 (0.33–1.0)], we report for our anatomy informed retinotopic atlas and full-field stimulation (PV) approach equivalent accuracies [0.67 (0.41–0.89)] and a symmetric sensitivity [0.71 (0.39–0.91)] and specificity profile [0.7 (0.37–0.93] (Figure 2). In the controls, we observed very similar correspondence measures of the atlas-based (PV) and pRF-based approach [accuracy: 0.79 (0.7–0.81) vs. 0.83 (0.71–0.87); sensitivity: 0.9 (0.76–1.0) vs. 1.0 (0.98–1.0); specificity: 0.64 (0.58–0.85) vs. 0.63 (0.32–0.73)]. Only for the sensitivity measure, a significant decrease at the individual level for PV was found in both patients [t(5) = 3.2, p = 0.025] and controls [t(5) = 3.1, p = 0.026], which might be a consequence of the difference in the stimulation schemes between the two approaches. Taken together, the findings demonstrate the anatomy-based VF reconstructions with non-mapping full-field stimulation fMRI to be highly comparable to pRF-mapping based VF reconstructions [see Figures 3 (patients) and 4 (controls) for participant-specific atlas-based coverage maps and correspondence measures].



Benefits From Combined pRF- and Atlas-Based VF-Reconstruction?

In our additional analysis with combined pRF- and atlas-based data (Benson and Winawer, 2018) compared to the conventional atlas-based approach, we only observed marginal non-significant differences in the reconstruction accuracy [patients (combined vs. atlas-based): 0.74 (0.34–0.84) vs. 0.67 (0.41–0.89); controls: 0.77 (0.7–0.8) vs. 0.79 (0.7–0.81)]. However, a small but significant increase in the specificity with the combined approach was reported for patients [0.75 (0.42–0.94) vs. 0.7 (0.37–0.93; t(5) = 3.5, p = 0.017] and controls [0.77 (0.58–0.89) vs. 0.64 (0.58–0.85); t(5) = 3.4, p = 0.018], which is suggestive of potential benefits from a combined pRF-mapping and atlas-based approach, subject to the availability of mapping data.



Influence of Stimulus-Related Task (OBT) on Atlas-Based VF-Reconstruction?

We tested the informative value of the atlas-based VF-reconstruction approach and the three different performance measures (accuracy, sensitivity, and specificity) further. For this purpose, we applied the approach, in addition to the PV condition of the full-field stimulus, to the experimental condition OBT, which renders the cortical signature of the VF-defects in patients, but not controls, less specific (Masuda et al., 2010, 2008; Prabhakaran et al., 2021). For a meaningful measure, it is expected that the correspondence measures between SAP and atlas-based VF-reconstruction change for OBT compared to PV in patients, but not in controls.

Remarkably, for the patients’ OBT, we found accuracies [0.59 (0.25–0.86)] closely similar to PV [0.67 (0.41–0.89); t(5) = 1.5, p = 0.192]. In contrast, the expected reduced performance for OBT was evident for sensitivities [median sensitivity for PV and OBT (range): 0.71 (0.39–0.91) and 0.35 (0.17–0.78), respectively; t(5) = 4.0, p = 0.011] and specificities [PV: 0.70 (0.37–0.93); OBT: 0.92 (0.51–1.0), respectively; t(5) = −3.9, p = 0.011]. Figure 5 demonstrates that, at the individual level, all patients showed a considerable decrease in sensitivity and an increase in specificity of the OBT driven atlas-based approach. As anticipated, in controls with a simulated peripheral scotoma, a difference in the accuracy [PV: 0.79 (0.7–0.81); OBT: 0.77 (0.75–0.81); t(5) = −0.2, p = 0.851] was not observed. Unexpectedly, we did find a significant difference in the sensitivity [PV: 0.9 (0.76–1.0); OBT: 0.78 (0.55–1.0); t(5) = 2.7, p = 0.041] and specificity [PV: 0.64 (0.58–0.85); OBT: 0.76 (0.65–0.96); t(5) = −4.1, p = 0.010], similar to the patients. However, a further exploratory two-sample independent t-test (patients > controls) demonstrated the patients to have a greater magnitude of PV-OBT difference than controls [sensitivity (t(10) = 1.8, p = 0.05); specificity (t(10) = 2.1, p = 0.031)]. Nevertheless, from our observations for PV and OBT, task-dependent dynamics in the correspondence measures is noticeable in both patient and controls. This suggests a simple full-field stimulus without an explicit task to be the optimal choice for atlas-based VF-reconstruction approaches.
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FIGURE 5. Difference in atlas-based correspondence measures (V1–V3-pooled) for PV and OBT in patients (left panel) and controls (right panel). Subpanels delineated by transparent gray lines encompass the boxplots for PV (left) and OBT (right) for accuracy, sensitivity and specificity, respectively. Thick horizontal blue lines within the box plot represent the median of the measure and the blue lines connecting the PV and OBT box plots indicates the slope of median difference between them. Participant-specific correspondence measures, superimposed on the box plots (PV – open dots and OBT – closed black dots) are connected by a line to indicate the slope of the difference. Numbers 1–4 in the patients’ panel represents the glaucoma participants GL1–GL4 and 5 and 6 represent RP1 and RP2. In the controls panel, 1–6 represents HC1–HC6, respectively.




Correlation With Clinical Characteristics

Insights into the association of fMRI-based VF predictions with patient-specific clinical characteristics are critical for its translation to clinical routine. Therefore, we investigated this relationship in the patients of the present study. Specifically, we explored the dependence of the correspondence measures on the MD as predicted by SAP (Figure 6) using a simple linear regression model [R2 (coefficient of determination)]. All analyses were confined to the central 14° VF. For the atlas-based approach (PV), we observed a strong significant linear relationship between fMRI reconstruction accuracy and MD [R2 = 0.80, p = 0.014]. This did not apply to the pRF-based approach [R2 = 0.29, p = 0.796]. There was no significant association for sensitivity and specificity, irrespective of the reconstruction approach.
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FIGURE 6. Dependence of fMRI-SAP correspondence measures [pRF-based (red) and atlas-based PV (blue)] on mean deviation (MD) of the central 14° VF. Patient-specific measures are plotted as scatter-dot plots. Solid lines depict the best fitting regression. The strength of the association was evaluated as coefficient of determination (linear regression model); “*” indicates a significant p-value.




DISCUSSION

In the present study, we investigated for a group of patients with advanced peripheral VF-deficits (glaucoma and RP) and for HCs with simulated peripheral scotoma, the potential of various fMRI-based approaches for the reconstruction of VFs. We report a strong correspondence between the SAP-based and pRF-mapping-based VF reconstructions especially for pooled data from V1-V3. Equivalent correspondences were observed for VF-reconstructions that were based on simple block-design full-field stimulation fMRI data combined with an individualized anatomy-driven retinotopic atlas. In addition to our primary metric of correspondence, i.e., correspondence accuracy, we found the use of supplementary metrics to assess VF-defect prediction, i.e., sensitivity and specificity, to be critical to pinpoint and understand factors that might be of influence on the quality of fMRI-based reconstructions.

Qualitatively, the cortical response signatures observed in our patients corresponded to the location of their VF-defects, which is in accordance with the well-established application of retinotopic fMRI in mapping retinal lesions in the visual cortex (Duncan et al., 2007; Baseler et al., 2011; Barton and Brewer, 2015; Ferreira et al., 2017). Our finding of a moderate quantitative correspondence accuracy between SAP- and pRF-based VFs from V1-only data are in line with previous reports (Papanikolaou et al., 2014; Silson et al., 2018; Ritter et al., 2019; Carvalho et al., 2021). This prompts the question, why the correspondence of SAP and pRF-based VFs is not higher. We would like to indicate three potential reasons for this observation. (i) Cross-modality comparison. The comparison is done between two modalities, SAP vs. fMRI, that are fundamentally different, in terms of the entire approach, i.e., threshold detection of a spot-light vs. cortical responses to a temporally modulated high contrast checker-board exposed through a bar sweeping across the screen. (ii) Different sampling of the VF. For fMRI-based VF reconstruction, the VF is sampled much more densely than for SAP (one data point covered 6° × 6°). As a consequence, the SAP-results were upsampled for the comparison with fMRI-VFs, which likely contributed to a mismatch in the inter-modal comparison. (iii) Correspondence metric. The add-on metric of specificity indicated fMRI susceptibility to false-positive detection of VF-defects, i.e., overestimation of the scotoma, to be a critical factor in determining the correspondence. The proportion of false-positives was observed to follow an inverse relationship with the extent of the VF-defects. In fact, this is plausible, as an individual with a very large scotoma would have fewer responsive locations to be mislabeled as non-responsive.

As we report these false-positive detections even in the controls, we reason the cause to be of methodological origin rather than physiological, for e.g., signal dropouts as a result of reduced modulation of cortical responses or morphological limitations as in venous anatomy or cortical folding patterns generating local magnetic field inhomogeneities. This is complemented by our observations of reduced false-positive scotoma detection and consequent increase in accuracy with pooling of V1–V3 mapping-data for the reconstruction. Pooling V1–V3 appears to help in covering the VF-locations with signal dropouts for V1-only data. Considering V2 and V3 receive their primary input from V1 neurons, a potential logic for the observed effect of pooling might be that the neurons in a voxel associated with signal dropout may still drive voxels in V2 and V3. Thus pooling data from the three visual areas increases the likelihood of an fMRI response from at least one of the areas thereby contributing to the VF. However, the smaller surface area of V2 and V3 retinotopic maps in comparison to V1’s and consequent coarse sampling might result in less precise and crude VF maps with the pooled data. Moreover, the increase in pRF sizes along the visual hierarchy might also add-up to this imprecision. Taken together, it should be noted that while pooling V1-V3 might ameliorate the incidence of false positives, it may also limit the ability to detect small scotomas due to a filling-in type of effect. Nevertheless, identifying the exact mechanisms behind the reported increase in accuracy of correspondence with pooled data is beyond the scope of this study and warrants future research, as information on VF-predictions based on individual visual areas are critical for establishing fMRIs likely role in therapeutic decisions.

Recent promising advancements in cell-, gene-, and microelectronics based vision restoration procedures (Ashtari et al., 2015; Aguirre, 2017; Roska and Sahel, 2018; Beauchamp et al., 2020) led to an increased fundamental interest in fMRI as a tool for objective visual function assessment. These upcoming therapeutic interventions require precise information of the VF representation in the visual cortex following VF-loss, which is provided by mapping-based fMRI. A bottleneck, however, is acquiring this information in patients where fMRI-based mapping is not feasible, for instance due to unstable fixation, very advanced VF loss or inability to comply with demanding task requirements. The VF-reconstruction approach employed here, using simple fMRI stimulus driven cortical responses in combination with an individualized retinotopic atlas demonstrated a performance that is equivalent to the pRF-based approach. The utility of this atlas-based approach also finds support from a previous report on two patients with Leber congenital amaurosis to investigate changes in fixation location (pseudo fovea) pre and post retinal gene therapy (Cideciyan et al., 2015). The stimulus used by Cideciyan and colleagues was a flickering uniform luminance screen whereas we employed a high contrast moving grating stimulus. Technically, the approach is expected to be robust to the use of any simple and salient stimulus, nevertheless it would be of interest for future work to test for any stimulus-type dependent effects on the approaches VF-reconstruction capability.

The use of spatially specific stimuli for pRF-mapping makes the approach susceptible to eye movements (Hummer et al., 2016). The full-field stimulus used in the atlas-based approach has the advantage to be less sensitive to fixation instabilities. Although in our experiment the participants were presented with a fixation dot and instructed to focus their attention, it should, in fact be possible to discard the fixation and apply a free-viewing approach to the stimulus. This was not achievable with the current setup of our fMRI visual stimulation system which had a limited stimulus window size [width × height: 48° × 28°] and this limitation could be overcome by the use of wide-field stimulus displays (Wu et al., 2013; Greco et al., 2016).

We found a significantly reduced sensitivity for the detection of VF-defects with the atlas-based approach, when a stimulus-related task (OBT) was introduced. This indicates that the quality of VF-reconstructions is task-dependent and reduced if attention is directed to the visual stimulus. While this is at first sight counter-intuitive finding, it corresponds well with earlier reports on patients with central and peripheral VF deficits, where a stimulus-related tasks drove responses in the deafferented regions of the visual cortex (Baker et al., 2008; Masuda et al., 2010, 2008; Ferreira et al., 2019). The origin of these task-dependent responses is still under debate and beyond the scope of this study, for the purpose of atlas-based VF assessments. Still we can draw an important conclusion from our current findings, i.e., that including a stimulus-related attention task is, counter-intuitively, not recommended as it induces unspecific activations in deafferented cortex. It should be noted, however, that we here tested for effects of global attention as opposed to spatially varying attention. Consequently, it is unknown, whether there would be any differential effects of spatially-specific attention to the stimulus-aperture, e.g., in the pRF-stimulation sequence. It is to be noted that even in the absence of a task (PV) we did observe a marginal, but significant decrease in the sensitivity compared to pRF-based reconstruction. There might be two reasons for this, (1) the distinction between the pRF-mapping and PV stimulus by itself might drive the cortex differentially, and (2) participants performing OBT subconsciously even during PV, as the instructions for both PV and OBT were given pre-scanning. Nevertheless, our data show that the stimulus used in the atlas-based (PV) reconstruction performs equivalently well as the mapping-based approach in reconstructing VFs. This suggests that a simple block design stimulus without an explicit task is the optimal choice.

We acknowledge the small sample size, which was still sufficient for a statistical inference of the results. As we included patients with very advanced VF-defects, most of the recruited patients were aged and consequently resulted in a high rate of exclusions due to at least one MRI-related contraindication. The small sample size also limits our ability to correlate the performance of fMRI-based VFs with patient-specific clinical characteristics, when in fact a linear trend was observed with MD from SAP. Information on the relationship with clinical correlates is critical for translation of fMRI to clinical routine, which must be addressed by future research with patients with different stages of pathology using wide-field stimulation approaches.

In studies with patients who are prone to suffer from unreliable fixation, for instance, as a result of low visual acuity or large VF defects, the availability of quantitative eye-tracking data adds validation to the inference of results. While some of our patients fall in the aforementioned category, all of them were able to fixate quite well (fixation stability for the central 2° radius > 96%), as determined with fundus-controlled perimetry and a qualitative monitoring of stimulated eye in the scanner using an eye-tracker. This was also evident from their ability to perform a fixation dot task for the pRF-mapping experiment, subsequently confirmed by an overall good quality of retinotopic maps. Nevertheless, the lack of quantitative eye-tracking data should still be considered a constraint and we underscore the importance of eye-tracking in studies involving patients with vision disorders.

Although other mapping-based fMRI approaches, as in temporal phase-encoding (conventional rings and wedges) have also been employed in mapping VF defects in patients (Morland et al., 2001; Furuta et al., 2009; DeYoe et al., 2015), due to the prevalent adoption of pRF-mapping in recent years, we chose the latter approach for VF-mapping here. A few important similarities and differences with these approaches should be noted. (1) The stimulus used for both the pRF-mapping and phase-encoding methods are spatially-selective and suffer from the same limitations of requirement for stable fixation and attention from the patients. (2) In contrast to the phase-encoding method, the model-based analysis of pRF-mapping data provides a direct estimation of neuronal receptive field size (pRF-size) and this information is expected to enhance the accuracy of the reconstructed VFs. (3) pRF-mapping data provides precise VF-maps to the center of the foveal representation (Dumoulin and Wandell, 2008). (4) Although the acquisition time for these approaches are quite similar, analysis of conventional mapping data is less time-consuming. In consideration to the above-mentioned pros and cons, we believe a critical discussion on the situation-dependent suitability of the methods might help in making an informed decision on the choice of the mapping technique. For example, for the purpose of a time-constraint surgical planning which might not require a highly precise VF-map, fMRI-reconstruction based on phase-encoding approach might suffice.

The anatomy driven retinotopic atlas used in the atlas-based approach is based on pRF-mapping data from HCs and could be argued as a bias when used in patients with VF-defects. This could be asserted in consideration to studies that report altered pRF properties (specifically shifting of pRF position and enlargement of pRFs) in such patients (Ferreira et al., 2017; Zhou et al., 2017) and suggestive of cortical reorganization. It is to be noted, however, there is no clear consensus on this as there is a growing body of evidence demonstrating similar changes in receptive field properties even in controls with simulated scotomas (Baseler et al., 2011; Haak et al., 2012; Prabhakaran et al., 2020). Ideally, resolving this would require the creation of separate atlases specific for the patient population, but given the heterogeneity manifested in vision disorders it seems to be far-fetched at this point of time. Taking into account, the limited scope of long-term reorganization of the adult visual cortex in acquired vision disorders (Wandell and Smirnakis, 2009), we do not see the use of a control-based atlas as a potential limitation in the study.

Finally, it should be acknowledged that in the present study the atlas-based reconstruction of VFs is based on the assumptions of undistorted central representation and absence of retinotopic re-organization. This might limit the method’s utility to acquired peripheral vision disorders. Considering this, based on our current data and results, we exercise caution and warrant future research to investigate the applicability of the approach to: (1) central vision disorders (e.g., macular degeneration) even though with pRF-mapping being previously demonstrated to be a feasible tool to map central VF-defects (Hummer et al., 2018; Ritter et al., 2019), (2) congenital vision disorders with possible reorganization (Baseler et al., 2002), and (3) pediatric and very young individuals who would still be in the developmental phase of their brain anatomy.



CONCLUSION

In summary, we demonstrated in patients with advanced peripheral VF-defects (glaucoma and RP) and in controls with simulated scotomas the feasibility of fMRI as a tool for objective assessment of VFs. We report a good agreement between the VFs predicted by pRF-mapping and SAP, which is consistent with existing reports, thereby affirming the reliability of the technique. Importantly, we observed the atlas-based approach with a full-field simple block design stimulus perform equally well in reconstructing VFs based on cortical responses. Consequently, the results serve as a proof of concept for the atlas-based procedure to be a surrogate fMRI method in the absence of mapping data and to be of substantial benefit in studies involving patients with peripheral VF-defects. These findings are expected to provide guidance to overcome current limitations of translating fMRI-based methods to a clinical work-up.
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It has long been debated whether the analysis of global and local stereoscopic depth is performed by a single system or by separate systems. Global stereopsis requires the visual system to solve a complex binocular matching problem to obtain a coherent percept of depth. In contrast, local stereopsis requires only a simple matching of similar image features. In this preliminary study, we recruited five adults with amblyopia who lacked global stereopsis and trained them on a computerized local stereopsis depth task for an average of 12 h. Three out of five (60%) participants recovered fine global stereoscopic vision through training. Those who recovered global stereopsis reached a learning plateau more quickly on the local stereopsis task, and they tended to start the training with better initial local stereopsis performance, to improve more on local stereopsis with training, and to have less severe amblyopia. The transfer of learning from local stereopsis to global stereopsis is compatible with an interacting two-stage model.
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INTRODUCTION

Stereopsis, the rich percept of depth that we get through binocular disparity (i.e., the difference between the two eyes’ views of the world), provides critical information about the distances between objects in the scene. A longstanding question is whether there are (at least) two separate systems that process binocular disparity, one local and the other global (Julesz, 1978; Ross, 1983; Ptito et al., 1991; Gantz and Bedell, 2010).

Local stereopsis is based on matching similar image features in the two eyes (Julesz, 1978; Vancleef et al., 2017). Global stereopsis (Julesz, 1960), on the other hand, is more complex, as it requires the visual system to solve a complex binocular correspondence problem (for example, correctly matching pairs of binocular dots in a large array of similar dots) to obtain a coherent percept of depth. In global stereograms, typically random dot stereograms (RDSs), shapes that are defined by depth cannot be seen before the correspondence problem is solved, and after that, illusory contours appear. In local stereograms, typically contour stereograms, solving the corresponding problem is not necessary to see the shapes because the contours that define the shapes are visible.

Evidence for two separate systems for stereopsis comes from studies of the effects of cortical lesions. In some patients, global stereopsis is impaired while local stereopsis survives (Hamsher, 1978; Ptito et al., 1991). However, this result (Hamsher, 1978; Ptito et al., 1991) was not obtained in another study (Ross, 1983). Ptito et al. (1991) reported impaired global but intact local stereopsis in patients with lesions in the anterior temporal cortex. Hamsher (1978) found global stereopsis defects for right hemisphere lesion patients with intact local stereopsis. However, Hamsher tested local stereopsis with the Titmus circles test, which allows for correct responses using monocular cues (Simons and Reinecke, 1974; Chopin et al., 2019b).

Conclusive evidence in favor of the two-systems hypothesis would require a double dissociation. However, to date, only impaired global stereopsis with intact local stereopsis has been reported. In addition, it is possible that global stereopsis was worse than local stereopsis before any lesion, as global stereopsis requires more complex computations. Global and local stereopsis performance are not correlated across participants (Gantz and Bedell, 2010), even when tested under the same conditions with a similar stimulus, suggesting two separate mechanisms.

An alternative hypothesis is that there is a single mechanism comprised of two mutually interacting stages. At one stage, the binocular correspondence problem is solved, and this solution can be used at a second stage, where disparities are extracted for depth perception. Processing of local stereograms involves primarily the disparity extraction stage whereas processing of global stereograms (e.g., RDSs) relies heavily on both stages. Therefore, any deficit at the stage of solving the correspondence problem will result in lower global stereoacuity without necessarily impairing local stereopsis. Variation in the ability to solve the correspondence problem will also lead to low correlations between local and global stereoacuities across individuals. This is in line with evidence from a study in which adaptation to global stereograms transfers to local stereopsis (Rose and Price, 1995). One interpretation of this finding is that the disparity extraction stage is adapted by the global stereograms. In addition, Gantz and Bedell (2010) reported bidirectional transfer of perceptual learning between local (low density) and global (high density) RDSs and concluded that there is a single mechanism for stereopsis. However, they noted: “…because perceptual learning has been shown to be specific for orientation (Karni and Sagi, 1993), spatial frequency (Sowden et al., 2002), and other stimulus properties (Fahle, 2005), it remains unknown if training on contour stereograms would transfer to RDSs with substantially different spatial characteristics, or vice versa.” Indeed, perceptual learning with stereograms is strongly specific to the stimulus properties such as the orientation of its elements (Ramachandran and Braddick, 1973).

Here we show that improvements in perceptual learning of local stereopsis based on training with contour stereograms can transfer to global stereopsis as measured with RDSs. The transfer of learning from local to global stereopsis supports an interacting two-stage model.



MATERIALS AND METHODS

We conducted an exploratory study of the effects of training on a local stereopsis task on fine global stereorecovery in five participants with amblyopia.


Participants

We recruited adult observers with amblyopia from patients at the UC Berkeley Optometry Eye Clinic who met the following inclusion criteria: at least a two-line interocular acuity difference with best-corrected vision after excluding any eye disease, with a clear amblyogenic cause for their amblyopia (strabismic if any tropia was present, anisometropic if any refraction difference >1 spherical-equivalent diopter was present, or mixed if both criteria were present).

Exclusion criteria included strabismus angle >30Δ, monocular visual acuity worse than 20/200, age >65 years, binocular amblyopia, nystagmus, intermittent exotropia, diplopia, a history of traumatic brain injury or severe neurological or psychiatric disorder, current psychoactive medications, language barrier, any MRI contraindication (we intended to scan their brain), and already being recruited in another training experiment. Only 30 participants from an initial pool of 955 (Supplementary Figure 1) were eligible and interested in participating. After testing participants with the Diplopia-Suppression test (described below), four were excluded because we could not obtain fusion in the best conditions. After testing participants with the Eyetracked RDS (described below), 18 were excluded, either because they already had fine global stereoscopic acuity (<900″) or because they dropped out before beginning the training. Data from five participants who completed the training are reported here (mean age: 29.6, 80% female, 2 with strabismic amblyopia, 1 with anisometropic amblyopia, and 2 with mixed amblyopia). Their clinical details are provided in Table 1. Two additional participants completed the training but were later shown to have global stereopsis before training, following a more thorough analysis, and were excluded. One additional participant dropped out. The study followed the tenets of the Declaration of Helsinki and was approved by the Committee for the Protection of Human Subjects at the University of California, Berkeley (protocol #2013-08-5542) and by the CERES at Paris-Descartes (ethics committee–N°IRB: 20151100001072).


TABLE 1. Participant’s clinical information.
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Procedure

We conducted an interventional preliminary study. After an initial screening session, we tested participants on the Randot stereotest. Then, if they could pass the Diplopia-Suppression Test (which determines whether observers are capable of fusion without suppression), we measured their global stereoacuity with the Eyetracked RDS test, for near and far disparities, at two different stimulus durations. If they had stereoacuity worse than 900″ for near and far disparities, and for all durations, we invited the participants to undergo stereorecovery training for an average of 11.6 h in the task (10–18 sessions of 1–1.5 h). We trained their local stereopsis with contour stereograms that contained no monocular cues to depth. After the training, we retested stereoacuity with the Randot stereotest and the Eyetracked RDS test.


Randot Clinical Stereotest

We tested participants on the Randot stereotest (modified version, also called version 2, produced by Stereo Optical Co., Inc.), once in the standard orientation and once with an orientation that was rotated 90°. When rotated, the test contains the same disparities, but they are vertical and do not provide useful stereoscopic depth information. If a participant had the same performance or better with the rotated test compared to the standard orientation, we concluded that there was no stereopsis and that the participant was using binocular non-stereoscopic cues to perform the test (Chopin et al., 2019b).

The Shapes part (global stereopsis) and Circles part (local stereopsis) were recorded separately for the Randot test, and we followed the manufacturer’s instructions. However, for the Randot Shapes portion, these instructions are unclear on the number of shapes necessary to score one level of disparity. We scored a given level if three out of four shapes (or absence of shape) were correctly recognized. We tested each level independently and recorded the best score.



Diplopia-Suppression Test

All participants had to pass the Diplopia-Suppression Test before we tested their stereoacuity with the Eyetracked RDS stereotest. The Diplopia-Suppression Test determines whether participants can obtain fusion while avoiding diplopia and interocular suppression in the stereoscope. It is valid for the current stereoscope configuration only. For each participant, the stereoscope mirror positions were first adjusted to equalize accommodation and vergence distances, as these can be altered when viewing stimuli through a stereoscope. For that purpose, participants horizontally aligned a line that was presented monocularly on the screen and viewed through the mirrors with a line, drawn on a wood stick, that was presented above the screen and viewed directly.

After this calibration, we presented a black-and-white frame to both eyes, with a monocular circle and a binocular fixation dot in the middle of the frame. Half of the monocular circle was presented to one eye, and the other half was presented to the other eye. Observers adjusted the relative vertical locations of the stimulus presented to each eye so that the binocular frame appeared to be fused and the two monocular half circles appeared to be vertically aligned. The interocular contrast, and if necessary, the horizontal location, could also be varied (with one eye’s contrast fixed at 96%) if the binocular frame was not fused or if one of the two half-circles was suppressed by the other.

Next, a binocular central circle replaced the monocular half-circles, and six smaller circles were presented, three on each side of the central circle. In some of the small circles (min: 0 and max: 2), one binocular dot was presented. Participants were asked to report the number of dots perceived in each of 10 trials, and these reports were used to compute the proportion of trials with diplopia (i.e., when the number of perceived dots was twice the number of actual dots).

Finally, participants were asked to detect whether one dot was present or not in each of the six circles. The dot could be monocular in the left eye (15 trials) or monocular in the right eye (15 trials). We used the responses to calculate a detection sensitivity d’ for each eye and considered it a measure of each eye’s interocular suppression. If less than 20% of the trials were diplopic and all d’ values were above one, we considered the participants to have passed the Diplopia-Suppression test, and we saved the interocular stimulus locations and contrasts for that participant for use in the other tasks. For each trial of the test, each keypress produced a sound. If participants could not achieve fusion at a distance of 75 cm, the test was repeated at a distance of 150 cm. If participants still could not achieve fusion, we excluded them from the study.



Eyetracked Random Dot Stereogram Stereotest

The Eyetracked RDS test is a computerized test of global stereopsis that is based on dynamic RDSs. In this test, the relative disparity of a background square around a central target square is varied to measure the participant’s stereoacuity. The squares are defined solely by the binocular disparities of the dots and have no visible contours.

The Diplopia-Suppression Test yielded values of relative interocular locations and the interocular contrast difference that were optimal for fusion for each participant. The Eyetracked RDS stimuli were centered in each eye at the Diplopia-Suppression-Test’s locations and using its contrast values for the fusion frames and fixation dot in each eye. The task consisted in using keypresses to report whether the background square was in front of or behind the target square on each trial (Figure 1B). We enforced fixation on the target (which was in the same depth plane as the fixation point) using eye tracking, thereby removing the possibility that participants would employ the delta vergence strategy (i.e., using changes in vergence to infer the change in depth; Backus and Matza-Brown, 2003). Each trial started with a fixation dot and circle, and fusion frames. The participant pressed a key to extinguish the fixation dot and circle and to initiate stimulus presentation, which was followed by presentation of a blank screen until the participant responded. Each keypress produced a tone. The method of constant stimuli was used to vary the disparities of the background square (relative to the target square) while the absolute disparity of the target square remained at zero. We measured thresholds twice, once with a stimulus presentation duration of 200 ms and once with a duration of 2000 ms.
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FIGURE 1. (A,D) Example data from participant 016: psychometric functions showing global stereopsis performance before training (A: stereo-deficiency) and after training (D: normal stereopsis for far disparities) on the Eyetracked RDS task with a 200-ms stimulus presentation. The circles depict the proportion of correct trials for each relative disparity between target and background (red: near disparities, blue: far disparities). Red and blue continuous lines represent model fits (based on Eq. 1), and the dashed line indicates the threshold disparity value for far disparities after local stereopsis training. (B,C) Stimuli used for measuring global stereopsis (B, Eyetracked RDS) and for training local stereopsis (C, contour stereograms). (E) Local stereopsis thresholds across training trials. The red dashed line shows changes in thresholds that were calculated for each block of trials. Gray vertical dashed lines separate training days. The blue continuous line indicates thresholds from the best model (derived from Eq. 4). The red shaded area depicts the SEM (ND: SEM was not defined).


Before data collection, participants were given several practice trials. All of the practice trials had relevant auditory feedback (high-frequency beep for correct responses, low-frequency beep otherwise), and practice trials were repeated if the participant did not reach 61% correct. For the first practice, we presented two repeats of each large disparity (137.5″, 275″, 412.5″, 550″, and 1100″, near and far) with a 2000-ms stimulus duration. For the second practice, we presented two repeats of each large disparity with a 1000-ms stimulus duration. For the third practice, we measured two repeats of each test disparity (0″, 34.5″, 69″, 137.5″, 275″, and 550″, near and far) with a 1000-ms stimulus duration. For the fourth practice, we measured two repeats of each test disparity with a 200-ms stimulus duration.

After practice was complete, we presented 16 repeats of each test disparity with a 200-ms stimulus duration and presented an irrelevant auditory stimulus (the same frequency on every trial) after each response. From the responses to these stimuli, we calculated the 200-ms stereoacuity for near and far disparities separately.

In a second session, participants again completed the Diplopia-Suppression Test, followed by practice trials in which we trained participants to fixate exclusively inside the fixation circle during 2000-ms trials. We used their eye position to provide real time visual feedback with a dot whose color was green when close to the fixation dot and red when close to the fixation circle limit. If participants fixated outside of the circle, the trial was interrupted, a loud sound was presented, and the trial was repeated. In a second practice session, we instructed the participants to perform both the fixation task with visual feedback and the Eyetracked RDS task (two repeats of each test disparities) for 2000-ms trials.

Finally, we administered 16 repeats of each test disparity for 2000-ms trials, with no visual feedback and irrelevant auditory feedback. Participants were instructed to fixate only inside the fixation circle. Gaze was tracked on every other trial, and if participants moved their eyes outside the circle, the trial was interrupted, a loud sound was presented, and the trial was repeated. From the responses to these stimuli, we calculated the 2000-ms stereoacuity for near and far disparities separately. Final stereoacuity was defined as the better of the 200- and 2000-ms stereoacuities, separately for the near and far disparities. Participants could take breaks every 10 min.



Stereo Training

Participants were trained with a contour stereogram task (Figure 1C). The training consisted of 10–18 sessions with durations between 1 and 1.5 h, resulting in an average of 11.6 h of training per participant on the main task (ranging from 8.4 to 15.7 h and from 4,900 to 11,680 trials; see Table 1). These values only reflect training time and do not include stereoscope preparation time or instructions. Each training session started with the Diplopia-Suppression Test. In the rare cases in which fusion was not possible, we invited the participant to come back for another visit.

After the Diplopia-Suppression Test, which started the training, participants trained on the main task. In this task, participants reported which of two vertical gratings was in front of the other. Each trial started with the fixation stimulus. We instructed participants to align the upper and lower monocular fixation lines as much as possible (achieved by verging in the fixation depth plane) on each trial and to press a key when alignment was achieved. The keypress caused the removal of the fixation stimulus and initiated continuous presentation of the two gratings until a response was made. Auditory feedback then indicated whether the response was correct. Eye movements were not restricted, and participants were encouraged to use all possible means to be successful in the task. In each session, participants completed 3–5 blocks of 20 repeats of seven different disparities (10 trials with the upper grating in front and 10 with the lower in front). Participants could take breaks every 10 min.



Stimuli


General Parameters

The gray background luminance was 15 cd/m2, white was 30 cd/m2, and black was around 0.5 cd/m2. Anti-aliasing allowed subpixel precision for stimulus display.



Diplopia-Suppression Test

Fusion frames were squares with length of 9° of visual angle, with a 3° diameter central circle, inside of which was a black fixation dot. The fixation dot had a diameter of 0.2°. Each side of the fusion frames was composed of four line segments, alternating black and white. The six black small circles were 0.6° in diameter, while the six black dots inside the circles were 0.25° in diameter. The contrast of the frames and fixation dot seen by the dominant eye was varied during testing, with the weaker eye’s contrast fixed at 96%.



Eyetracked Random Dot Stereogram Stereotest

A black circle (2.5° diameter) surrounded a black fixation dot (0.25° diameter) and was centered within a white fusion frame (13.6°). The RDS contained a target square (1.6°) in the middle of a larger background square (3.2°), defined only by the binocular disparities of the random dots. Half of the dots of the RDSs were white, and the other half were black (0.25° diameter, 20%-density). However, the non-black dots within the target square were shaded blue (Figure 1B). Only the background-square random dots had a disparity which varied from trial to trial (0″, 34.5″, 69″, 137.5″, 275″, and 550″, near and far); all other displayed elements were presented at 0″-fixation disparity. Every 100 ms, a new set of random dots were presented with the same disparity configuration. This dynamic RDS was necessary to prevent the alternating fixation strategy (monitoring the direction of the horizontal shift of a visual item while alternately closing one eye, to deduce depth ordering).



Stereo Training

Fusion frames were 13.6° squares with a 2.2° diameter central circle, inside of which was a fixation dot. Each side of the fusion frames was composed of four alternating black and white line segments (0.3° wide). The fixation stimulus consisted of a binocular dot, two binocular horizontal lines, and two monocular vertical lines. The fixation dot was 0.25° in diameter. The lines were 0.5° in length, forming a disjointed cross around the fixation dot. All the stimuli were presented at location values obtained for each participant from the Diplopia-Suppression Test as corresponding to the center for each eye. The contrast values of the fusion frames and fixation dot and circle in each eye were also obtained from the Diplopia-Suppression Test.

The contour stereograms were comprised of two vertical gratings, located one above the other, separated by some depth (Figure 1C). Each grating was 3° × 3° in size and contained sinusoidal luminance modulation (spatial frequency: 1 cpd) embedded in a Gaussian envelope along the horizontal axis (full width at half maximum: 1.5°). The phase of each modulation was randomized and was different for each grating, thereby preventing the use of an alternating fixation strategy. A gap of 0.33° separated the two vertically aligned gratings. The phase disparity between the gratings spanned the following seven values: 10″, 63″, 117″, 170″, 223″, 277″ and 330″, with half of the disparity in the upper grating and the other half in the lower grating. The upper grating was in front for half of the trials.



Material

Matlab and PsychToolbox were used to generate all stimuli with a Macintosh Power PC computer. Stimuli were presented on a NEC SuperBright Diamondtron MultiSync FP2141 monitor (1600 × 1200 pixels; 39 × 29.5 cm; refresh rate 60 Hz) at a viewing distance of 75 cm through a custom-made four-mirror stereoscope. Eyetracking was achieved with an Eyelink II eyetracker running on a separate computer and using ViewPoint software. We customized the calibration code so that it could run with half a screen, given that only half the screen was available to each eye through the stereoscope. We designed the Eyetracked RDS test to be free of non-stereoscopic cues, and we used a threshold of 900″ (15′) to denote total stereoblindness.



Analysis Procedure


Eyetracked Random Dot Stereogram Stereotest

Eyetracked RDS data were analyzed separately for the 2000 and 200-ms trials and for the near and far disparities. The final Eyetracked RDS stereoacuity was the best demonstrated stereoacuity in any of the conditions that was significantly different from the stereo-deficient model.

For each observer, we calculated the 75% threshold value using a method that is independent of lapse rate or stereo deficiency that is exclusive to near or far disparities. We expressed the probability of a correct response as a function of the disparity between the target and background, separately for near and far disparities (zero disparity trials were included in both near and far disparity conditions). We modeled these data with a logistic psychometric function of log-disparity (Serrano-Pedraza et al., 2016), containing two parameters that vary independently: threshold and slope.
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Ψ is the percentage of correct responses.

x is the base-10 logarithm of the presented disparity.

p is the performance level defined to be the threshold (75%).

θ is the detection threshold in log-disparity: the value of x at which equals p.

l is the lapse rate: the probability of error at maximum disparity (set at 1.75%).

g is the guess rate: the probability of chance performance (50% for two-alternative choices).

σ is the spread parameter, or slope, quantifying how performance increases with disparity.

d represents the top/bottom of the psychometric function (we use 1%).

We derived the parameter values of the best model fit by employing a chi-square minimization procedure. The threshold parameter θ was bounded between 8.6″ and 3000″, and the slope parameter σ was bounded between 0.2 and 2.4. The parameters that produced the smallest chi-square after a hundred repetitions of the procedure with random initial parameter settings were selected for the stereo-typical model.

We also tested a competing stereo-deficient model, identical to the stereo-typical model except that θ was fixed at 3000″. Again, the parameters that produced the smallest chi-square after a hundred repetitions with random initial parameter settings were selected. We carried out a chi-square test (with 1° of freedom) to test whether the best chi-square for the stereo-typical model was significantly different than the best chi-square for the stereo-deficient model. If not, we did not exclude the stereo-deficient model and assigned a threshold of 900″ and stereo-deficiency for that condition. We did the same for thresholds at 900″ or above.



Stereo Training

We calculated the percentage of correct responses as a function of the disparity between the two gratings for each block (20 trials for each of the seven disparities). We extracted the threshold for each block following the same procedure as above for the Eyetracked RDS.

We then modeled changes in contour stereogram thresholds across trials with the probit-derived function in Eq. 4 applied to the logarithm of the thresholds, following normalization of the data:
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Here, θt is the log threshold in arcsec at trial t, T1 is the log normalized threshold at trial 1, Tend is the log normalized threshold at the last trial of the training, Ti is the log normalized threshold at the inflection point, and α is the learning rate. All of the above parameters were free and estimated through chi-square minimization. We modeled the data with both F (increasing function) or 1-F (decreasing function) and then kept the model with the best chi-square value. Our procedure allows us to account for a potential initial period during which thresholds were stable before beginning to increase or decrease.

After fitting the thresholds that were obtained for each block of the training, we could extrapolate the threshold values θ1 and θend for the first and last trial of the training, respectively. An example of the resulting model fit is provided in Figure 1E.

For all participants, we found rapid learning transitions from initial performance levels, followed by a plateau. We manually identified the trial of the first block at plateau performance (local stereopsis plateau trial).



Statistics

All Bayes factors for two-sample comparisons were calculated using the Bayes Factor Toolbox1, with the function bf.ttest2 when investigating differences between paired groups. For all parametric tests, normality of distributions was assessed using the Shapiro–Wilk test (all p > 0.06, except for the distribution of differences between pre- and post-training local stereopsis, W = 0.70, p = 0.0098, for which we therefore used a non-parametric test). When not otherwise specified, tests were two-tailed with an alpha level of 5%, and t-tests were conducted on paired samples. Hedge’s g formula is the Cohen’s d formula with an unbiased variance estimator. All correlations were calculated using the Pearson formula.



RESULTS

We quantified local stereopsis performance during the training task, using a probit-derived model that allowed extrapolation of performance at the first and last training trial (see methods). Overall, local stereopsis improved during the training (Wilcoxon signed-rank test: W = 15, p = 0.031).

We measured participants’ global stereoacuity with the Eyetracked RDS stereotest before and after training (Figures 1A,D for participant 016). All of the participants were stereo-deficient before training (thresholds > 900″) and were assigned a stereo threshold value of 900″ (Table 2). Learning was expressed as percentage of threshold reduction, or 100∗(θPre–θPost)/θPre. After training, three out of five participants (60%) achieved fine global stereovision (one-tailed pre–post t-test t(4) = 2.39, p = 0.038, Hedge’s g = 1.07, BF10 = 2.01; Figure 2A), indicating transfer from trained local stereopsis to untrained global stereopsis for these participants.


TABLE 2. Stereoacuities pre and post-training.
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FIGURE 2. (A) Global stereo learning, expressed as percent threshold reduction on the Eyetracked RDS test for each of the participants. On all panels, symbols code for the participant and colors code for the type of amblyopia. (B) Correlation between global stereo learning and local stereo plateau trial number. (C) Correlation between global stereo learning and local stereo learning. (D) Correlation between global stereo learning and performance on the local stereopsis task extrapolated to trial 1. (E) Correlation between global stereo learning and amblyopia severity (defined as the interocular acuity difference). (F) Visual acuity change with training, expressed in logMAR. Lines connect each eye’s acuity values for the same participant. Data points below the black diagonal dashed line indicate improvement in visual acuity with training. In panels (B–E), the solid diagonal black line represents a robust linear regression following an iteratively reweighted least-squares technique with a bisquare weighting function.


Of these three participants, one recovered global stereopsis for both near and far disparities, one for near disparities only, and the other for far disparities only. Among these three participants, the worst measurable post-training global stereoacuity was 414″ (which is well within Panum’s fusion area in central vision; Palmer, 1961), and the best stereoacuity was 202″. Global stereorecovery was not confined to participants with a specific type of amblyopia: one had anisometropic amblyopia, one had strabismic amblyopia, and the third had mixed amblyopia.

In exploratory analyses, we related global stereorecovery to other experimental variables. For each participant, we determined the trial at which a plateau occurred in the local stereopsis learning task. Participants that reached the plateau sooner showed a larger improvement in global stereopsis (Figure 2B, r = −0.94, p = 0.016, R2 = 0.89). Three other variables were marginally associated with global stereopsis improvements. Larger global stereo improvements were marginally associated with greater local stereopsis learning on the training task (Figure 2C, r = 0.85, p = 0.067, R2 = 0.73), expressed as a percentage of threshold reduction at the last trial relative to the threshold estimated at trial 1, extrapolated with a probit-derived model (see section “Materials and Methods”).

Larger global stereo improvements were also marginally associated with better performance at the first trial of local stereopsis training (Figure 2D, correlation: r = −0.80, p = 0.10, R2 = 0.64) and with lower amblyopia severity, defined as the absolute interocular acuity difference (Figure 2E, r = −0.77, p = 0.13, R2 = 0.59). Indeed, the two participants who did not recover any global stereopsis had more severe amblyopia than the three participants who recovered, although this difference was only marginally significant (independent-samples one-tailed t-test t(3) = 2.22, p = 0.057, Hedge’s g = 2.02, BF10 = 1.37).

We also explored possible effects of local stereopsis training on visual acuity and found no significant effects (Figure 2F), neither for the fellow eye (t(4) = 0.70, p = 0.52, Hedge’s g = 0.31, BF10 = 0.55) nor the amblyopic eye (t(4) = 1.66, p = 0.17, Hedge’s g = 0.74, BF10 = 0.50).



DISCUSSION

We trained five adults with amblyopia who lacked global stereopsis on a computerized local stereopsis depth task for an average of 12 h. Three out of five participants (60%) recovered fine global stereoscopic vision.

Is it possible that our participants actually had fine global stereopsis but we could not measure it before training? We consider fine disparities to be those within Panum’s area (Chopin et al., 2019a) and coarse disparities as those outside of it, with a limit of 900″. We were very careful to ensure that all participants had deficient global stereopsis, with thresholds above 900″. Specifically, we tested for fine global stereopsis both for near and far disparities, providing both polarities, and under optimal conditions (Tam and Stelmach, 1998; Westheimer, 2013; Chopin et al., 2019a). Specifically, we employed large adjacent stimuli with colored targets, large high contrast dots, long exposures, and measurable fusion with visible frame locks and absence of suppression through contrast and position adjustments. Absence of suppression and diplopia were verified with the Diplopia-Suppression test. We also eliminated non-stereoscopic cues from the measurement of global stereopsis: monocular cues through the use of dynamic RDSs and binocular non-stereoscopic cues with a front-behind protocol (2AFC sign-depth task). Delta vergence was mitigated through brief presentations (too short for vergence movements to occur) or eyetracker-enforced fixation (in the long exposure condition).

Participants underwent a long practice session before testing (112–224 trials). Before training, participant 015 successfully passed the 500″ level on Randot Shapes, which tests for fine global stereopsis. However, good performance on this test can be achieved by using binocular non-stereoscopic cues. Indeed, participant 015 was able to use such cues to reach a score of 250″ with the test rotated 90° (conducted at mid-training). This is why we prefer to use the psychophysical measure for global stereopsis (Eyetracked RDS). Based on this test, we conclude that participant 015 did not have fine global stereopsis.

After training, three out of five participants (60%) acquired fine global stereopsis. Is it possible that the two non-recovering participants simply needed more training to obtain fine global stereopsis? Previous studies have shown that asymptotic learning for depth discrimination of RDSs occurs after approximately 4000–5000 trials (Fendick and Westheimer, 1983; Gantz et al., 2007). We administered more trials than this to the participants who did not recover (for a total of 6,823 and 11,683 trials). However, for visual acuity, participants with more severe amblyopia needed more monocular training to reach asymptotic performances (Li et al., 2008; Levi and Li, 2009). If we apply that rationale to local stereopsis training, we cannot exclude the possibility that the participants in our study who did not achieve fine global stereopsis could have eventually attained this with more training.

The fact that both local and global stereopsis improved after training only local stereopsis is evidence for a transfer of learning from local to global stereopsis. Additional support for transfer is the marginal correlation between the amount of learning for local and global stereopsis across participants.

What can explain the relation between faster plateaus for learning of the local stereopsis task and larger improvements in global stereo? It is possible that the plateau variable captures smaller effects of other variables with which it is strongly correlated. Indeed, faster plateaus were strongly associated with larger local stereo improvements (r = −0.94, p = 0.016, R2 = 0.89) and better initial local stereopsis performance (r = 0.83, p = 0.082, R2 = 0.69).

There was a trend for both better initial local stereopsis performance and less severe amblyopia to be associated with greater global stereopsis learning. These results are in line with a meta-analysis of amblyopia interventions, in which participants with more severe amblyopia showed less improvement in stereo sensitivity than those with milder amblyopia, and better initial stereopsis predicted stereopsis improvements after treatment (Tsirlin et al., 2015). Our findings are also consistent with a recent study (Portela-Camino et al., 2020) that found that stereo improvements were predicted by initial global stereoacuity, although their study employed global stereopsis training on a sample with stereo-deficiency and treated amblyopia. Given the small sample size that we used in our preliminary study, we cannot definitively conclude that any of these factors had an effect on improvement in untrained global stereopsis.

Only one participant recovered both near and far global stereopsis, with the two others recovering either near or far stereopsis. We enforced fixation with an eyetracker only in the global stereopsis test. In the local stereopsis training task, participants were free to move their eyes and to fixate in any depth plane. Therefore, it is possible that during the local stereopsis task, one participant favored fixation on the far depth plane while another favored fixation on the near plane, thereby creating an imbalance in their near and far stereopsis performances.

Each session of the training includes a Diplopia-Suppression Test that helps calibrating the stereoscope and enforces fusion. Theoretically, passing the Diplopia-Suppression Test could generate changes in suppression that could participate in local and global stereopsis learnings. In practice, it is unlikely to contribute substantially to perceptual learning of stereopsis because it is only a few minutes long. In addition, Vedamurthy et al. (2015) found no significant correlation between changes in suppression and stereopsis improvement during perceptual learning.

Gantz and Bedell (2010) found that learning of local stereopsis transfers to global stereopsis. Our results are compatible with theirs, but in contrast to their study, we used contour stereograms that are typically used to test local stereopsis, rather than low-density random-dot stereograms. Combining our results with those reported in the literature, we conclude that there is likely a single mechanism for stereopsis with two interacting stages. At one stage, a solution for the binocular correspondence problem is selected and at the other stage, binocular disparities are extracted based on this particular solution. The result is propagated back to the first stage to facilitate finding a correspondence solution that favors small overall disparities (Read, 2002). In this way, the two stages are interacting with each other. Gantz and Bedell (2010) concluded from their results that a single mechanism is at play for both local and global stereopsis, and they excluded a two-stage model. This is because they only considered a sequential (feedforward) two-stage model, while we consider an interacting two-stage model.

An alternative but closely related hypothesis is that the visual system has multiple spatial-frequency-selective first-order pathways for luminance signal (carriers) and second-order pathways for contrast signals (envelopes). In this framework, each pathway has two parallel stages for solving the correspondence problem and extracting disparity. The two stages of all pathways work simultaneously with mutual interactions. When a stereogram is presented to the two eyes, an ambiguous disparity profile is first extracted without solving the correspondence problem, resulting in many binocular mismatches. The correspondence problem is more likely first solved at the lower frequencies (Ding and Levi, 2021), resulting in extraction of a clearer disparity profile with fewer mismatches. This clearer disparity profile would further assist in solving the correspondence problem at the smaller scales, resulting in a vivid 3D profile extracted with less mismatches. This is consistent with a recent model for stereopsis (Ding and Levi, 2021) which contains multiple spatial-frequency-selective first- and second-order pathways, each with two processes in parallel for binocular fusion (solving the correspondence problem) and depth perception (extracting stimulus disparity). A stereo-deficient individual could have deficits in first- and/or second-order pathways. Deficits in the second-order pathway may lead to difficulty in solving the correspondence problem, in extracting disparity, or in both, thus leading to failure to detect depth in RDSs that lack first-order local features. On the other hand, a luminance sinewave grating stereogram with sharp contours contains both first- (the grating and contours) and second-order (the envelope) information, so training can improve stereo performance in both pathways, providing a reasonable explanation of why the training effect can transfer from local to global stereograms.

Delta vergence is a component of stereopsis that is based on using vergence eye movements to sequentially estimate absolute disparities (Backus and Matza-Brown, 2003) that are then employed to calculate relative disparity (Chopin et al., 2016). While the contribution of delta vergence to stereopsis is weak, it is not known whether it has a role in perceptual learning of stereovision. In our study, we are unable to address this question, as we only measured global stereopsis without delta vergence, not isolated delta vergence performance before training. During local stereo training, delta vergence could have been used by the participants, because we presented the stimulus continuously until they made a response.

It is possible to obtain local and global stereo improvements through perceptual learning in amblyopia (Astle et al., 2011; Xi et al., 2014; Levi et al., 2015; Vedamurthy et al., 2016). While global stereopsis can be improved with global stereogram training (Astle et al., 2011), it was not previously known whether local stereopsis training could yield the same result. Other studies investigating stereo improvements from local stereopsis training did not measure global stereopsis both before and after training (Ding and Levi, 2011; Xi et al., 2014; Vedamurthy et al., 2016). It is possible that deficits in processing stimuli presented to the amblyopic eye prevent observers with stereo-deficiency from learning how to solve the binocular correspondence problem. Ding and Levi (2011) found that local stereopsis training with monocular cues allowed stereoblind strabismic non-amblyopic participants to recover local stereopsis when monocular cues were removed. In Ding and Levi’s study, it is not clear how global stereopsis was affected, because participants were only tested for global stereopsis after training. Here, we show that an almost identical training procedure, but without monocular cues, allows amblyopic (including non-strabismic) participants with partially spared local stereopsis to recover fine global stereopsis.

Does stereorecovery lead to a decrease in the severity of amblyopia? The rationale behind that hypothesis is that stereopsis relies on visual information from an eye that is usually suppressed in amblyopia. Therefore, stereorecovery could lead to better binocular cooperation and a decrease in binocular acuity difference (Levi and Li, 2009). In our study, neither the training, nor the improvements in stereopsis, resulted in increases in visual acuity. However, we note that our sample size was too small to be conclusive with respect to this question. Nevertheless, our findings are consistent with past results (Ding and Levi, 2011; Vedamurthy et al., 2016) and with work showing that monocular spatial acuity training resulted in visual acuity improvement in two people with amblyopia but that additional global stereopsis training only improved global stereoacuity and not visual acuity (Astle et al., 2011).

Li et al. (2016) showed that learning transfers more efficiently from high to low spatial frequencies than from low to high frequencies. This could limit learning in strabismic observers who have difficulty processing high spatial frequencies in a stereoacuity task (Ding and Levi, 2011). Here, we show transfer of stereoacuity in people with amblyopia from low spatial frequencies to a broadband stimulus.

In conclusion, we document recovery of fine global stereopsis in people with amblyopia after training local stereopsis using contour stereograms. The transfer of learning from local to global stereopsis is compatible with an interacting two-stage model.
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Retinal diseases like age-related macular degeneration (AMD) or hereditary juvenile macular dystrophies (JMD) lead to a loss of central vision. Many patients compensate for this loss with a pseudo fovea in the intact peripheral retina, the so-called “preferred retinal locus” (PRL). How extensive eccentric viewing associated with central vision loss (CVL) affects brain structures responsible for visual perception and visually guided eye movements remains unknown. CVL results in a reduction of cortical gray matter in the “lesion projection zone” (LPZ) in early visual cortex, but the thickness of primary visual cortex appears to be largely preserved for eccentric-field representations. Here we explore how eccentric viewing strategies are related to cortical thickness (CT) measures in early visual cortex and in brain areas involved in the control of eye movements (frontal eye fields, FEF, supplementary eye fields, SEF, and premotor eye fields, PEF). We determined the projection zones (regions of interest, ROIs) of the PRL and of an equally peripheral area in the opposite hemifield (OppPRL) in early visual cortex (V1 and V2) in 32 patients with MD and 32 age-matched controls (19–84 years) by functional magnetic resonance imaging. Subsequently, we calculated the CT in these ROIs and compared it between PRL and OppPRL as well as between groups. Additionally, we examined the CT of FEF, SEF, and PEF and correlated it with behavioral measures like reading speed and eccentric fixation stability at the PRL. We found a significant difference between PRL and OppPRL projection zones in V1 with increased CT at the PRL, that was more pronounced in the patients, but also visible in the controls. Although the mean CT of the eye fields did not differ significantly between patients and controls, we found a trend to a positive correlation between CT in the right FEF and SEF and fixation stability in the whole patient group and between CT in the right PEF and reading speed in the JMD subgroup. The results indicate a possible association between the compensatory strategies used by patients with CVL and structural brain properties in early visual cortex and cortical eye fields.

Keywords: macular degeneration, central vision loss, cortical thickness (CT), visual cortex, cortical eye fields, magnetic resonance imaging (MRI)


INTRODUCTION

In Western countries, macular degeneration is one of the most common causes for (partial) blindness, especially in elderly people (Ambati and Fowler, 2012). Thereby, the most important part of the retina – the macula – degenerates due to regional atrophy (Kellner et al., 2004). The visual deficit in age-related macular degeneration (AMD) is characterized by atrophy of photoreceptor cells in the patients’ macula resulting in a complete foveal scotoma. Also some hereditary, juvenile forms of retinal dystrophies (JMD, e.g., Stargardt’s disease or cone-rod dystrophy) lead to central scotomas due to similar processes (Glazer and Dryja, 2002). Degenerative diseases, such as macular degeneration, physiologically lead to a structural and functional change in the associated areas of the brain (e.g., Xiao et al., 2007; Xie et al., 2007; Barnes et al., 2010; Hernowo et al., 2014). The study of changes in the thickness of cortical gray matter can serve as an indication of neural plasticity as a consequence of central vision loss. Since previous findings at the neuronal level indicate that despite disease, signals from the retina can still be transmitted to the visual cortex for subsequent processing, further investigation into the capacity of neural plasticity will inform future therapy methods and visual restoration (Prins et al., 2016a; McGregor et al., 2020).

Although macular degeneration is primarily a retinal disease, reductions of the gray matter volume (Plank et al., 2011; Hernowo et al., 2014) and density (Boucard et al., 2009) as well as cortical thinning (Prins et al., 2016b) in the lesion projection zone (LPZ) of the primary (V1) and secondary (V2) visual cortex were observed in both AMD and JMD patients. For example, Plank et al. (2011) investigated the structural changes of the brain as a consequence of sensory deprivation as it occurs in hereditary retinal dystrophies (JMD) with central visual loss (e.g., in Stargardt’s disease or cone-rod dystrophy). Since a large part of the responsible cortex is not sufficiently stimulated as a consequence of the loss in central visual field processing, there is a decrease of gray matter in these regions. Particularly in the occipital pole region along the posterior calcarine sulcus, the patient group showed a significant reduction in gray matter volume. This region corresponds to the foveal representation zone (or lesion projection zone, LPZ), which comes about as the consequence of macular degeneration as a lesion of the fovea. Similar results were found by Prins et al. (2016b), who studied the cortical thickness (CT) in visual cortex (V1 and V2) in AMD and JMD patients as well as in healthy controls. They found a reduction of CT in the patient group, that was most pronounced in the posterior parts of V1 and V2. Burge et al. (2016), who compared 10 MD-patients to age-, gender- and education-matched healthy controls, reported that CT in patients decreased in the area of central vision representation, but increased in peripherally responsive visual cortex areas compared to the controls. Furthermore, in studies of other diseases with visual loss, such as primary open-angle glaucoma, changes of the CT in the associated areas were also detected as a result of the impairment (Yu et al., 2013). Thus, the examination of CT in patients with central vision loss is of great importance to understand the potential of neural plasticity in visual restoration.

Patients with central vision loss are forced to develop specific coping strategies. Many patients compensate for impaired central vision by using strategies of eccentric viewing to manage daily visual tasks such as reading. They often develop a pseudo fovea at a specific area of their intact peripheral retina, the so-called “preferred retinal locus” (PRL; e.g., Bäckman and Inde, 1979; Crossland et al., 2011). There is evidence that the neural processing of visual input from this preferred retinal location is enhanced by daily use. For example, JMD patients performed visual search better when target stimuli fell near their PRL. They also showed a task- and location-dependent upregulation of neural responses in early visual cortex (Plank et al., 2013). Visual stimulation of the PRL – in comparison to an area in the opposite hemifield (OppPRL) – with natural object pictures led to increased activation in brain regions responsible for object recognition (Plank et al., 2017). Also, Liu et al. (2010), who measured four JMD and four AMD patients under passive and active viewing conditions, found more extensive activation when stimulating the patients’ PRL in comparison to another retinal region with the same eccentricity. Stable eccentric fixation at the PRL appears to be an important moderating factor and prerequisite for high visual performance in visual search tasks (Plank et al., 2013) and for significant increases in activations in early and higher visual areas (Plank et al., 2017). Furthermore, the re-referencing of saccadic eye movements to the PRL (e.g., White and Bedell, 1990) has been associated with the successful use of this eccentric area for attentive encoding of objects into long-term memory (LTM; Geringswald et al., 2015), an ability usually ascribed to foveal inspection (e.g., Hollingworth, 2006). Normally sighted viewers with simulated central scotomas, who do not develop a “PRL” due to insufficient practice in extrafoveal scene exploration, had impaired performance in an LTM task (Geringswald et al., 2016). These observations may be the consequence of an intense, though mostly implicit, form of procedural (oculomotor) and perceptual learning, associated with the usage of a PRL. Crossland et al. (2005) found that all 25 MD patients in their experimental group formed a PRL within 6 months after disease onset. Sixteen of the patients (64%) were unaware of the adjustment that led to using that eccentric area of fixation. Nineteen of the patients used a consistent number of PRLs for all gaze positions, and eleven formed multiple fixation loci. However, reading speed appeared to be independent of the number and location of the PRLs. But patients, who were unaware of the coping strategy of the PRL and showed a consistent number of PRLs in all gaze positions, showed better reading speed. All in all, little is known about the formation of PRLs in people with central vision loss. According to a study by Farzaneh et al. (2021), who used a Nidek MP-1 microperimeter and Image J software to evaluate the fixation characteristics plus optical coherence tomography to determine the location of the central fovea in patients with AMD, the participants most frequently placed their PRL in the inferior and left visual field, which would result in a scotoma displacement to the superior and right visual field. Fixation stability was statistically similar in different locations of PRL, but improved with decreasing distance between PRL and fovea. Investigations in normally sighted people with simulated scotomas showed that especially individually different positions in the visual field with high attentional capabilities formed a PRL at this connected brain area (Barraza-Bernal et al., 2017). For example, participants with high attentional capabilities in the upper hemifield developed PRLs in the upper hemifield, those with high attentional capabilities in the lower hemifield developed PRLs in the lower hemifield and so on. The authors also showed, that trainings to use a PRL for fixating objects while a central scotoma is simulated – e.g., as here in eight 10-min blocks – show a PRL-forming effect.

For adapting to the new viewing conditions under central vision loss, we assume that the cortical eye fields are of importance. The cortical eye fields are primarily responsible for eye movements and shifts of attention (Grosbras and Paus, 2002). Since both brain hemispheres have eye fields, a distinction is made between right and left eye fields. The primary eye fields are referred to as the frontal eye fields and are located in BA 6 of the frontal lobe around the lateral part of the precentral sulcus (Kimmig et al., 2001; Leigh and Zee, 2006). It receives its input from the posterior visual areas, inferior parietal cortex, superior colliculi, thalamus, dorsolateral prefrontal cortex, and other eye fields. In turn, it projects to the contralateral FEF and to the supplemental and parietal eye fields (Leigh and Zee, 2006). Its main tasks include controlling ballistic gaze shifts (saccades) by initiating or inhibiting them and controlling attention. If lesions occur in the frontal eye fields, the execution of voluntary saccades is primarily affected, for example in the form of prolonged latency (Leigh and Zee, 2006). In addition, there is a functional link between the left FEF and short-term memory for target locations (Campana et al., 2007; Raabe et al., 2013), as well as a link with visuo-motor integration, requiring for visually guided movements (Wolynski et al., 2009). Research in non-human primates further showed that the FEF may be sub-divided into at least two parts (Tian and Lynch, 1996; Petit and Haxby, 1999; Krauzlis, 2004; De Castro et al., 2021): A medial part likely specialized in controlling smooth eye movements (FEFsem) and a lateral part likely specialized in saccadic eye movements (FEFsac). In close exchange with the FEFs are the supplementary eye fields (SEFs). Also located in the frontal lobe, they lie on the dorsomedial surface of both hemispheres. In addition to exchanging information with the FEFs, the SEFs are innervated by other cortices and the thalamus and also transmit back to these same cortices, as well as to the superior colliculi and the nucleus caudatus (Huerta and Kaas, 1990). The SEFs are involved in the planning and execution of saccades (Stuphorn et al., 2000). In particular, the SEFs play a key role in the control of eye movements when multiple competing saccade responses are possible, but not when routine saccade sequencing is performed (Parton et al., 2007). Another eye field has been suggested in the inferior part of the precentral sulcus, ventral to the FEF, the premotor eye field (PEF; e.g., Amiez and Petrides, 2009; Savaki et al., 2015; Schall et al., 2020). Coiner et al. (2019) refer to this region also as the inferior FEF (iFEF) in their review on the human eye movement network. The premotor eye field (PEF) was also identified in multi-modal parcellations of the human cortex (Glasser et al., 2016) and has been found in intraoperative stimulation during awake surgery to induce transient saccadic eye movements, together with, among others, the FEF (Pallud et al., 2018). It has been proposed to be the human homolog to the monkey premotor eye field (e.g., Petit and Pouget, 2019; Schall et al., 2020) and as such has been implicated in the representation of visual-oculomotor space, that is controls the direction of saccades and visual targets spatially (Savaki et al., 2015). According to Coiner et al. (2019), the precise function of PEF (or iFEF, as it is called in their review) remains elusive. Thus, the PEF has been implicated in functions jointly with the FEF, like pursuit eye movements and volitional saccades (e.g., Berman et al., 1999) as well as visually guided eye and head movements (Petit and Beauchamp, 2003). Additionally, the PEF can be activated during eye blinks (Kato and Miyauchi, 2003). Since macular degeneration causes blindness in the central visual field, which is responsible for stable fixation and visual acuity, examining the impact of the disease on the eye fields, which are responsible for saccades and attention shifts, is important to understand the changes of visual processing and visual performance in patients with central vision loss.

In this study, we were interested in possible structural alterations, specifically in CT alterations as a consequence of central vision loss. To this end, we calculated CT measures in representation areas of the PRL and an equally eccentric area in the opposite hemifield (OppPRL) in early visual cortex V1 and V2 in a group of AMD and JMD patients as well as an age-matched group of normally sighted controls. The PRL and OppPRL representation areas were determined by fMRI in each individual patient. We hypothesized that the CT at the PRL representation area may exceed the CT measured at the OppPRL area due to the special role the PRL plays in the patients’ daily vision. Additionally, we were interested in CT measures of the eye fields and how they correspond to behavioral adaptive measures like reading speed and fixation stability at the PRL of the patients. This hypothesis is motivated by an earlier finding of our group (Plank et al., 2011), where a whole brain regression analysis with behavioral measures as regressors revealed a significant correlation between fixation stability and gray matter volume in a cluster in superior and middle frontal gyri of the right hemisphere. As this research question was posed in a post hoc analysis, regions of interest for the frontal (FEF), supplementary (SEF), and premotor (PEF) eye fields have been determined functionally in an independent sample of 40 subjects, who performed a localizer task (block design: saccades vs. fixation) while measured with fMRI. We hypothesized to find positive correlations between behavioral measures, like reading speed and fixation stability, and CT measures in the eye fields of the patient group.



MATERIALS AND METHODS


Participants

The data of 32 patients (P) with central scotomas due to hereditary retinal dystrophies or age-related macular degeneration (18 males, 14 females; mean age 53.4 years, range 19–84 years; see Table 1 for details) were included in this study. They are a subgroup with established PRLs of the sample included in the analysis of Beer et al. (2020). Their data were compared to a group of carefully age-matched normally sighted controls (C) (19 males, 13 females; mean age 52.2 years, range 23–83 years; see also Table 1 for details). There was no significant difference in age between the patient and control group [t(62) = 0.26; p = 0.79; d = 0.07]. All participants signed an informed consent form prior to the study and received monetary compensation for their participation. The study was approved by the Ethical Committee of the University of Regensburg and conducted in accordance to the ethical guidelines of the Declaration of Helsinki.


TABLE 1. Characteristics of patients (P1–P32) and controls (C1–C32) according to age, gender, and (for the patient group only) duration of disease in years, diagnosis, study eye, scotoma size (rounded diameter in degrees visual angle), decimal visual acuity, reading speed (in words per minute), and fixation stability (percentage of fixation in 2 and 4 degrees visual angle around fixation target).
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Clinical Characteristics and Visual Field Measurements of MD Patients

Table 1 presents a detailed description of patients and controls, including the diagnosis, duration of disease, visual acuity, scotoma size, reading speed and fixation stability. All characteristics were measured as described previously (Plank et al., 2011, 2013, 2017). Best-corrected visual acuity was determined by using a Vision Screener (Rodenstock Rodavist 524/S1) and Eye Charts for distant visual acuity (Oculus Nr. 4616) and near visual acuity (Zeiss/Frohnhäuser). One eye was chosen for stimulation during fMRI and other measurements (study eye). The dominant eye was preferably chosen for the study eye. In patients P1 and P4 the non-dominant eye was chosen, because it was the better eye and/or the one with higher fixation stability.

The scotoma size was measured using kinetic Goldmann perimetry with the isopters III/4e, I/4e, I/3e, I/2e, and I/1e. The reliability of the Goldmann perimetric measures depends on fixation stability. We defined two measures for scotoma sizes. As edges of the scotomata, those points were marked, where isopter III/4e or isopter I/4e were no longer detected, respectively. The two scotoma sizes are reported in Table 1 as scotoma diameter in degrees of visual angle as an average and approximation of rounded vertical and horizontal dimensions. In nine patients, scotoma sizes determined by use of isopters III/4e and I/4e differed. Typical examples for Goldmann perimetry are given in Figure 1.
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FIGURE 1. (A,B) Examples of visual field measurements using Goldmann perimetry: (A) for the left eye of an AMD patient (P24), where scotoma borders of isopters III/4e and I/4e were identical. (B) For the right eye of a JMD patient (P11), where different scotoma borders resulted from isopters III/4e and I/4e. In this patient, the blind spot could not be detected independently of the scotoma from isopter I/4e. (C) Schematic depiction of the positions of the preferred retinal loci (PRLs) in visual field of each of the 32 patients (some PRL positions overlapping with each other). The PRL positions of the JMD patients are marked with light blue triangles, the PRL positions of the AMD patients are marked with dark blue diamonds.


To measure fixation stability, we used a Nidek MP-1 microperimeter (Nidek Co, Japan). Patients were requested to fixate a red cross of 4 degrees visual angle in diameter with their preferred eccentric location on the retina (PRL) for on average 30 s. The technique measures 25 samples per second, so that 750 samples of fixation points result over a time period of 30 s. During the measurement the camera sometimes lost track of the subject’s eye. This can be due to eye blinks or fixation instability in the form of large saccades. The Nidek software records the time period that was measured and the proportion of the time span that was effectively tracked, as well as the percentages of fixation points that fell in a range of 2° or 4° diameter visual angle around the center of the target, based on the time spans effectively tracked. Thus, fixation stability can be overestimated by long or frequently interrupted time spans where the camera lost track of eye position due to large saccades. To compensate for this, we corrected the given fixation stability as described in Plank et al. (2011). These corrected values are given in Table 1.

We determined the position of PRLs according to the resultant Nidek images. This was later verified using a video eyetracker (High Speed Video Eyetracker Toolbox, Cambridge Research Systems, United Kingdom), while the participants fixated a visual target on a computer monitor. Fourteen patients had a PRL located in the left visual field, 13 patients used a PRL in the lower visual field, and four patients a PRL in the right visual field. One patient (P 13) used two different PRLs deliberately for certain tasks, one in the lower visual field and one in the left visual field. For the analysis here, we only considered the PRL in the left visual field of patient 13 that seemed more appropriate for the functional localizer used here, containing stimulation with flickering checkerboards and object pictures. Figure 1 presents an overview of the PRL positions of all patients.

To estimate reading speed, patients read aloud a continuous text for 3 min (as described in Plank et al., 2011), which was recorded. We then counted the number of words read and calculated the mean of words read per minute. These values are given in Table 1. All participants read the same text, taken from a book [German translation of Lessing (2003): The Grandmothers], printed on a sheet of paper (font: Arial, font size: 10 pt, single spaced). Patients used magnification glasses customized to their needs.



Magnetic Resonance Imaging Data Acquisition

All magnetic resonance imaging (MRI) data were acquired by a 3 Tesla Siemens Allegra head scanner (Siemens AG, Erlangen, Germany) over a period of 2 years. For each participant one high-resolution T1-weighted structural image was acquired. Additionally, regions of interest (ROIs) of the PRL and OppPRL areas in visual cortex were identified by functional MRI. The anatomical T1-weighted images (repetition time: 2250 ms, echo time: 2.6 ms, flip angle: 9°, voxel size: 1 × 1 × 1 mm3, field of view: 256 × 256 mm2) were acquired by an MPRAGE (magnetization prepared rapid acquisition gradient echo) sequence across 160 sagittal slices. Functional MRI was performed by a T2∗-weighted gradient-echo sequence with echoplanar read-out (repetition time: 2000 ms, echo time: 30 ms, flip angle: 90° voxel size: 3 × 3 × 3 mm3, field of view: 192 × 192 mm2). The 34 axial slices covered most of the brain including the entire occipital cortex.



Cortical Reconstruction

T1-weighted structural images were automatically reconstructed by Freesurfer version 5.3 (Martinos Center for Biomedical Imaging, Charlestown, MA, United States; Fischl, 2012). The reconstruction followed procedures as previously described (Beer et al., 2020). In brief, T1-weighted images were intensity normalized and automatically segmented into gray and white matter structures. Then, the boundary between white and gray matter (WGB) was automatically tessellated and corrected for topologic inaccuracies. Finally, the cortical surface was deformed, inflated, and registered to a spherical atlas preserving the individual folding patterns of sulci and gyri. Moreover, the reconstruction provides several macroscopic brain measures including CT. For our analysis, CT was calculated for defined ROIs.



Regions of Interest Analysis

The cortical representation of the PRL was estimated in each individual brain by functional MRI while stimulating the PRL with flickering checkerboard stimuli as described in Plank et al. (2017). Moreover, a control ROI (OppPRL) was identified by stimulating visual field locations opposite to the PRL (mirrored either at the vertical or horizontal meridian, respectively). For 16 patients the OppPRL was mirrored at the vertical meridian, for nine patients the OppPRL was mirrored at the horizontal meridian, and for seven patients the OppPRL was mirrored at both, vertical and horizontal meridian. As described in more detail in Plank et al. (2017), in the paradigm used, we stimulated the PRL, the OppPRL and the central area in the visual field with flickering checkerboards and object pictures. The participants had no explicit task in this paradigm apart from viewing the stimulation. Stimuli were radial black and white checkerboards (size: 9° × 9° visual angle) presented with a flicker rate of 8 Hz or static chromatic images of natural objects (e.g., tools, vehicles, animals, musical instruments) (size: 7.3° × 7.3° visual angle). For determining the ROIs for PRL and OppPRL representation areas the activation elicited by the flickering checkerboard stimuli was used. Stimuli were presented blockwise on a gray background, together with a baseline condition (gray background of mean luminance). The blocks were presented in four cycles, flickering checkerboards and object pictures were presented in blocks of 13 s each, the baseline condition in blocks of 18 s. The patients conducted all paradigms monocularly with their study eye while the other eye was patched. They had to direct their fovea to the center of the screen. Because the patients had central scotomas we presented auxiliary stimuli to ensure fixation. Depending on how well they could consciously perceive their scotoma and/or how well they were accustomed to fixate with their PRL, these auxiliary stimuli were adapted to the individual needs of the patients. The auxiliary stimuli consisted of four red dots (each about 0.7° visual angle in diameter) positioned at the edges of the respective scotoma at eccentricities that were visible to each individual patient and/or the fixation target (letter “X”) at the position of the PRL, adapted in color and size to the needs of the patients. In the same session (see Plank et al., 2017), also eccentricity mapping and meridian mapping was conducted with flickering checkerboard stimuli, which allowed the definition of the individual representation areas of V1d/v, V2d/v, and V3d/v. Representation areas for PRL and OppPRL were obtained by contrasting the checkerboard stimulation of PRL and OppPRL against the baseline condition (mean luminance). To this end, significance maps were overlaid on the individual reconstructed surface together with the individually determined borders of V1d/v, V2d/v, and V3d/v. Borders of the PRL and OppPRL ROIs were always drawn excluding the central ROI. The evoked activation [thresholded at p < 0.001 (uncorrected), but for some patients a reduced threshold of p < 0.01 had to be adopted] determined the eccentricity and extent of PRL and OppPRL representation areas on the individual retinotopic grid in which ROIs with contiguous voxels were drawn throughout those individually determined portions of V1, V2, and V3. For the analysis conducted here, PRL and OppPRL ROIs were pooled over those V1, V2, and V3 portions and then again sub-divided into V1 and V2 areas based on a retinotopic atlas derived from functional MRI (Benson et al., 2014). Dorsal and ventral representations were pooled for left and right PRLs, left and right representations were pooled for upper and lower visual field PRLs. PRL and OppPRL labels as determined for each individual patient were mapped onto the cortical surface of the Freesurfer average brain (fsaverage) by spherical registration (Fischl et al., 1999) and from there mapped onto the cortical surface of each patient’s age-matched control subject. This standardized, atlas-based approach appeared to us to be more appropriate for the CT analysis conducted here. Thus, CT measures of the respective ROIs in visual cortex representing PRL (V1: average number of vertices = 857.34, SD = 396.48; V2: average number of vertices = 685.37, SD = 307.42) and OppPRL (V1: average number of vertices = 1038.62, SD = 472.55; V2: average number of vertices = 802.84, SD = 323.08) positions could be compared between patients and controls. Average number of vertices in PRL and OppPRL ROIs did not differ significantly from each other [V1: t(31) = 1.95; p = 0.060; d = 0.34; V2: t(31) = 1.89; p = 0.067; d = 0.33]. Figure 2A shows individual functional MRI maps with significant activation for the stimulation of the PRL and OppPRL region for three representative patients with a PRL in the left, right, or lower visual field, respectively. Figure 2B shows the outlines of a group overlap of PRL ROIs in V1 and V2. Borders of V1 and V2 including their subdivisions (ventral and dorsal) were determined by use of the retinotopic atlas (Benson et al., 2014) and are shown for reference. The outlines show the PRL overlap of at least eight (out of 32) patients. Thus, it indicates the approximate locations of the most typical PRL ROIs (right hemisphere or dorsal parts). Due to the variation across individual ROIs, the overlapping area (V1: 1294 vertices, V2: 1020 vertices) exceeds the size of the average ROIs. Note that for patients with their PRLs located at the horizontal meridian dorsal and ventral parts of V1 and V2 were combined in the ROIs.
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FIGURE 2. Regions-of-interest (ROIs) of the preferred retinal location (PRL). (A) Individual functional MRI maps show significant activation for the stimulation of the PRL part of the visual field or the control region (OppPRL), respectively, for three representative patients with a PRL in the left, right, or lower visual field (VF), respectively. All maps were thresholded (p ≤ 0.001; uncorrected) and color-coded (red/yellow: stimulation > baseline; blue: stimulation < baseline). In order to facilitate comparison, individual maps were projected (by spherical registration) to the inflated cortical surface of the Freesurfer average brain. Only the most relevant views (medial, hemispheres contralateral to stimulation) are depicted. ROIs of the PRL and OppPRL regions were identified in each patient based on the individual maps (see text for details) and further sub-divided into V1 and V2 parts based on a retinotopic template (Benson et al., 2014). The outlines of V1 and V2 are shown in black lines for reference. Note that dorsal (d) and ventral (v) parts were combined for the cortical thickness analyses. (B) The outlines show the group overlap of at least 8 (out of 32) selected PRL regions in V1 (red) and V2 (blue).


The cortical representations of the eye fields (frontal eye fields, FEF; supplementary eye fields, SEF; premotor eye fields, PEF) of each hemisphere were identified by functional MRI in an independent sample (N = 40, college-aged students). Participants of that sample had to direct their gaze to a small dot, which jumped randomly to one of six different locations on the horizontal axis of the screen (see also Frank et al., 2014). This task was shown to reliably activate the eye fields (Kimmig et al., 2001). Blocks of saccades alternated with blocks of central fixation. There were overall 48 blocks with a duration of 12 s each (24 blocks of saccades and fixation, respectively). ROIs for the eye fields were identified on the cortical surface of the Freesurfer average brain based on a random-effects surface-based group analysis. Statistical parametric maps for the contrast saccades > fixation were mapped to the cortical surface (thresholded at p < 0.001, FDR-corrected). This contrast showed reliable activation patterns in the lateral and medial frontal cortex, which were delineated and labeled as FEF, PEF, and SEF, respectively. Research in non-human primates showed that the FEF may be sub-divided into at least two parts (Tian and Lynch, 1996; Petit and Haxby, 1999; Krauzlis, 2004; De Castro et al., 2021). Although this distinction still needs to be verified in humans, our functionally defined FEF overlapped with two distinct cortical areas of a multimodal cortical atlas (Glasser et al., 2016). Accordingly, we sub-divided our FEF into a medial (FEF-m) and lateral (FEF-l) part. Figure 3 shows the labels of the eye fields obtained from this functional analysis on the Freesurfer average brain.
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FIGURE 3. Regions-of-interest (ROIs) of cortical representations of the eye fields. (A) Eye fields were identified in an independent sample that performed an eye movement task during functional MRI. The group maps show brain regions with significant (thresholded at p ≤ 0.001; FDR corrected) signal differences for the comparison eye movement versus fixation blocks (red/yellow: eye movements > fixation; blue: eye movements < fixation) overlaid on the inflated cortical surface of the Freesurfer average brain. (B) Selected ROIs of the eye fields (FEF-m, FEF-l, PEF, SEF). Eye fields were identified on the group maps thresholded at p ≤ 0.001 (see A). In order to delineate the boundaries between FEF and PEF, an enhanced threshold (p ≤ 0.0001) was adopted. The FEF was further sub-divided into a medial and lateral part as it overlapped with two separate parcellations (6a, FEF) of a multimodal imaging atlas (Glasser et al., 2016). The relevant atlas parcellations are shown in black dashed lines for reference.




RESULTS


Behavioral Results

Table 2 presents the correlation results (Pearson correlation coefficients and p-values) of demographic and behavioral data in the patient group.


TABLE 2. Pearson correlation coefficients (r) together with their respective p-values (italic values, p) of demographic and behavioral measures (two-sided), for the whole group of patients (N = 32) and for the subgroups (AMD, N = 11; JMD, N = 21), respectively.

[image: Table 2]Overall, reading speed was negatively correlated with age and with scotoma size, but only in the JMD group. Fixation stability was positively correlated with visual acuity. We also tested for group differences between the JMD and AMD patient group for the demographic and behavioral measures by use of independent sample t-Tests. The JMD patients were on average, as expected, significantly younger [t(30 = –5.7; p < 0.001; d = 1.5] than the AMD patients, but had on average a significantly longer disease duration [t(30) = 2.6; p = 0.015; d = 0.88] and a significantly better reading speed [t(29.8) = 2.9; p = 0.006; d = 0.86]. The two patient groups did not differ significantly in visual acuity, scotoma size and fixation stability (all p > 0.05).



Magnetic Resonance Imaging Results


Cortical Thickness Measures in Preferred Retinal Locus (PRL) and OppPRL Regions

Figure 4 shows the mean CT measures at the PRL and the OppPRL regions in V1 and V2 for the patient and control group.
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FIGURE 4. Mean cortical thickness measures in mm together with their respective standard errors for the PRL and OppPRL regions in V1 (A) and V2 (C). In V1, the repeated-measures ANOVA yielded a significant main effect of ROI, with greater CT values in PRL ROIs, that was more pronounced in the patient group, as post hoc tests revealed. In V2, the repeated-measures ANOVA yielded a significant main effect of group, with greater CT values in the control group independently from ROI. (B) Shows the mean differences in CT between PRL and OppPRL ROIs plotted separately for the three PRL location clusters in the left, lower and right visual field (see also Figure 1C) together with their respective standard errors (∗p < 0.05).


First, we tested for overall effects with a repeated-measures ANOVA for the within-subjects factors visual cortex (V1, V2) and ROI (PRL, OppPRL) and the between-subjects factor group (patients, controls). We obtained a significant main effect of visual cortex [F(1,62) = 49.9; p < 0.001; η2 = 0.45], with overall higher CT in V2 compared to V1, and a significant interaction between visual cortex and group [F(1,62) = 7.7; p = 0.007; η2 = 0.11] with the control group exhibiting higher CT values in V2, though the effect size of 0.11 suggests a small effect here. The main effects of ROI [F(1,62) = 2.7; p = 0.107; η2 = 0.01] and group [F(1,62) = 0.96; p = 0.331; η2 = 0.01] were not significant. Also the interactions visual cortex × ROI [F(1,62) = 1.6; p = 0.208; η2 = 0.02], ROI × group [F(1,62) = 0.99; p = 0.324; η2 = 0.02], and visual cortex × ROI × group [F(1,62) = 0.10; p = 0.757; η2 = 0.002] were not significant. Subsequently, we conducted the ANOVAs separately for primary (V1) and secondary (V2) visual cortex.

In V1, the repeated-measures ANOVA with the within-subjects factor ROI (PRL, OppPRL) and the between-subjects factor group (patients, controls) revealed a significant main effect of ROI [F(1,62) = 5.4; p = 0.024; η2 = 0.080] with overall higher CT at PRL in comparison to OppPRL, but the effect size again points to a small effect. The main effect of group [F(1,62) = 0.23; p = 0.634; η2 = 0.004] and the interaction between ROI and group [F(1,62) = 1.1; p = 0.289; η2 = 0.018] were not significant. Post hoc paired-sample t-Tests between PRL and OppPRL separately for each group revealed that the main effect ROI was mainly driven as expected by the patient group [t(31) = 2.5; p = 0.017; d = 0.44; control group: t(31) = 0.85; p = 0.404; d = 0.15]. After splitting the patient group into its subgroups JMD and AMD, paired-sample t-Tests in V1 yielded a significant effect in the JMD group [t(20) = 2.1; p = 0.049; d = 0.46] but not in the AMD group [t(10) = 1.4; p = 0.197; d = 0.42] between the two ROIs.

To further clarify the effect in V1 between PRL and OppPRL, we examined possible location effects independently of disease. To this end, we divided the participants in clusters according to PRL location (left visual field, N = 30; lower visual field, N = 26; right visual field, N = 8), pooled over patients and controls (see Figure 1C). If a PRL fell into a quadrant instead of falling directly on a meridian, group classification depended on the meridian with the larger eccentricity. We conducted a repeated-measures ANOVA with the within-subjects factor ROI (PRL, OppPRL) and the between-subjects factor PRL location (left, lower, right), which yielded neither a significant main effect of ROI [F(1,61) = 2.0; p = 0.164; η2 = 0.031], nor a significant main effect of PRL location [F(2,61) = 2.0; p = 0.143; η2 = 0.023], nor a significant interaction ROI × PRL location [F(2,61) = 0.72; p = 0.490; η2 = 0.023]. Also post hoc paired comparisons between the three PRL locations (Bonferroni corrected) revealed no significant differences (all p > 0.05). Figure 4B shows that positive differences between PRL and OppPRL CT values are most pronounced in the subgroups with the PRL in the left and lower visual field, while the subgroup with the PRL in the right visual field is characterized by a small sample size (N = 8) and high variance in CT values. For that reason, in an additional analysis we excluded the subgroup with the PRL in the right visual field and found a significant main effect of ROI [F(1,54) = 6.2; p = 0.016; η2 = 0.104] and a significant main effect of PRL location [F(1,54) = 4.2; p = 0.046; η2 = 0.072], where the group with the PRL in the lower visual field exhibited overall greater CT values, albeit with small effect sizes. The interaction between ROI and PRL location was not significant [F(1,54) = 0.29; p = 0.592; η2 = 0.005].

In V2, the repeated-measures ANOVA with the within-subjects factor ROI (PRL, OppPRL) and the between-subjects factor group (patients, controls) revealed no significant main effect of ROI [F(1,62) = 0.13; p = 0.720; η2 = 0.002], but a significant main effect of group [F(1,62) = 544; p = 0.039; η2 = 0.067], with higher CT values in the control group, though the effect size again suggests a small effect. The interaction ROI × group was not significant [F(1,62) = 0.25; p = 0.622; η2 = 0.004]. Post hoc paired-sample t-Tests showed that CT in V2 between PRL and OppPRL ROIs differed neither in the patient group [t(31) = 0.72; p = 0.476; d = 0.13], nor in the control group [t(31) = –0.08; p = 0.933; d = 0.01]. Additionally, in V2, both patient groups showed no significant effect between PRL and OppPRL [JMD: t(20) = 0.20; p = 0.845; d = 0.04; AMD: t(10) = 0.84; p = 0.418; d = 0.25].



Cortical Thickness Measures in Eye Fields

We determined the overall effects for the within-subjects factors eye fields (FEF-m, FEF-l, SEF, PEF) and hemisphere (lh, rh; repeated-measures ANOVA) and the between-subjects factor group (patients, controls). We obtained a significant main effect of eye fields [F(3,186) = 60.2; p < 0.001; η2 = 0.49], a significant interaction eye fields × hemisphere [F(2.3,143.7) = 14.6; p < 0.001; η2 = 0.19; Greenhouse–Geisser corrected], and a significant interaction eye fields × group [F(3,186) = 3.2; p = 0.025; η2 = 0.05]. The main effects hemisphere [F(1,62) = 0.26; p = 0.61; η2 = 0.004] and group [F(1,62) = 0.35; p = 0.558; η2 = 0.01], as well as the interactions hemisphere × group [F(1,62) = 0.003; p = 0.957; η2 < 0.001] and eye fields × hemisphere × group [F(2.3,143.7) = 0.44; p = 0.673; η2 = 0.01; Greenhouse–Geisser corrected] were not significant. Figure 5 shows the mean CT measures for the eye fields FEF-m, FEF-l, SEF and PEF in both hemispheres for the patient group and the control group. Post hoc t-Tests for each eye field ROI between patients and controls revealed no significant group differences (all p > 0.05).


[image: image]

FIGURE 5. Mean cortical thickness measures in mm together with their respective standard errors for the eye fields FEFm, FEFl, SEF, and PEF in the left (lh) and right (rh) hemisphere for the patient group (N = 32) and the control group (N = 32).


Subsequently, as an explorative analysis, we tested for significant correlations between demographic and behavioral data of the patient groups and CT measures in the eye fields FEF-m, FEF-l, SEF, and PEF of both hemispheres. Pearson correlations were done two-sided for demographic variables age, duration of disease, scotoma size and visual acuity, and were done one-sided for behavioral variables reading speed and fixation stability, because we had a directional (one-tailed) hypothesis for the latter three. Since we assumed compensational structural processes in the eye fields, we expected to find positive correlations between those behavioral measures and CT. Table 3 gives the resultant Pearson correlation coefficients together with their respective p-values (in italic font; no correction for multiple comparisons was applied).


TABLE 3. Pearson correlation coefficients together with their respective p-values (italic numbers) of behavioral data and cortical thickness in medial and dorsal parts of the frontal eye fields (FEF-m and FEF-l), supplementary eye fields (SEF), and premotor eye fields (PEF) of the left and right hemisphere, respectively.

[image: Table 3]Specifically, we found positive correlations between reading speed and CT in the left and right FEF-m and the right PEF, that was more pronounced in the JMD group, and between fixation stability and CT in the right FEF-m and the right SEF. Since reading speed was negatively correlated with age and with scotoma size (for isopter III/4e) in the JMD group (see Table 2), the positive correlation with CT in left and right FEF-m and right PEF may at least partially be confounded with those variables. To clarify this issue, we conducted an additional partial correlation between reading speed and CT values in FEF-m and PEF with the control variables age and scotoma size (III/4e). In fact, that partial correlation yielded a non-significant result for the FEF-m ROIs for the whole group of patients [left: r = 0.100; p = 0.300; right: r = 0.063, p = 0.370], whereas for the PEF ROI the correlation with reading speed in the JMD group was still visible [r = 0.397; p = 0.046]. Fixation stability, on the other hand, was significantly correlated with visual acuity (see Table 2). When we controlled for visual acuity in a partial correlation, the significant results regarding positive correlations between fixation stability and CT in the eye fields FEF-m and SEF, became even more pronounced [FEF-m rh: fixation stability within 2°: r = 0.437, p = 0.007; fixation stability within 4°: r = 0.301, p = 0.050; SEF rh: fixation stability within 2°: r = 0.410, p = 0.011; fixation stability within 4°: r = 0.366; p = 0.021]. The analyses concerning fixation stability were all conducted with the whole group of patients (N = 32). Since a large portion of our patient group are JMD patients, and among them the largest group are Stargardt patients (N = 11), who differ from the other diseases in their etiology (e.g., Glazer and Dryja, 2002), we recalculated the correlations for the Stargardt group (N = 11) alone. Thereby we found an additional positive correlation between reading speed and CT in right SEF [r = 0.622; p = 0.015], that still holds in a partial correlation with age as covariate [r = 0.568; p = 0.034] and is not visible in the other patient sub-groups.



DISCUSSION

In this study we investigated differences in CT in relation to the preferred retinal locus (PRL) in early visual cortex (V1, V2, Figure 4), and in selected ROIs involved in the control of eye movements in the left and right hemisphere (Figure 5). As an exploratory analysis, we also correlated reading speed and eccentric fixation stability in patients with central vision loss with CT in oculomotor ROIs (Table 3). The results point to differences in early visual cortex, where the PRL projection zone exhibits greater CT compared to a region opposite of this location, but it is unclear, to what extent these differences depend on natural differences in CT between those regions already existing pre-disease, or indeed on neuroplastic changes as a consequence of disease. We also found a trend to positive correlations between CT in oculomotor ROIs and reading speed and fixation stability in patients with central vision loss.


Cortical Thickness of the Preferred Retinal Locus Representation Area

The PRLs’ representation areas and – for comparison – an equally eccentric area in the opposite hemifield (OppPRL) were determined with functional MRI by employing local stimulation with flickering checkerboards (see Plank et al., 2017), individually for each patient. Those cortical coordinates were then mapped to the brains of age-matched normally sighted controls, on a patient-by-patient basis. The analysis revealed that indeed, on average, the PRL representation area in V1 in patients exhibited greater CT values than the OppPRL representation area (see Figure 4A). This effect was more pronounced in the JMD group, who had, on average, longer disease durations, and was limited to V1. In V2, this pattern of results was not observed (see Figure 4C). Although the post hoc tests revealed no significant differences between PRL and OppPRL CT values in the control group, where CT was measured in comparable ROIs, there was also a trend to positive differences in CT between PRL and OppPRL ROIs in controls, which resulted in a significant main effect of ROI in primary visual cortex (V1). Since the interaction between ROI and group was not significant, we additionally tested for PRL location, independently of group. To this end, we divided our sample according to the clusters visible in Figure 1C in the PRL locations left, lower and right visual field, pooled over patients and controls. The analyses conducted here indeed revealed a significant effect of ROI (CT at PRL > CT at OppPRL) for the PRL locations in left and lower visual field. Figure 4B also illustrates that result by plotting the mean differences between PRL and OppPRL for the patient and control group as a function of PRL location. Our assumption was, that CT especially at the representation area of the PRL of patients should be enhanced as a consequence of the compensatory use of this specific area of intact peripheral retina as a pseudo fovea in daily visual tasks. Though, as Figure 4B shows, the difference in CT between PRL and OppPRL was more pronounced in the patient group, no significant differences to the control group were observed. As such it is unclear, whether the greater CT values at PRL locations in the patient group reflect compensatory, neuroplastic changes, or whether most patients intuitively chose PRL locations that were supported by premorbid greater CT in the respective retinotopic areas of V1. While it seems likely that these effects interacted with each other, further research is warranted to clarify the causality of these effects. In functional findings, we and others could already observe enhanced processing when the PRL was stimulated in visual discrimination and search tasks (e.g., Liu et al., 2010; Plank et al., 2013, 2017). And several studies have also shown that structural changes in gray matter can occur as a consequence of perceptual learning or other forms of training (e.g., Draganski et al., 2004; Ceccarelli et al., 2009; Engvig et al., 2010; Schmidt-Wilcke et al., 2010; Krafnick et al., 2011; Wenger et al., 2012; Ditye et al., 2013; Kühn et al., 2014). As such, CT enhancements at the representation area of the PRL in V1 could be interpreted as a consequence of a kind of perceptual learning process at this location in the visual field due to its persistent use for daily visual tasks over the years. On the other hand, there is, of course, no further evidence for any causal relationship. As we did not do a longitudinal analysis, we cannot be certain, whether the greater CT at the PRL representation area could be a consequence of enhanced use or whether a greater CT (pre-disease) at that specific location in V1 possibly favored the establishment of a patient’s PRL just at that corresponding retinal locus. A trend to a comparable effect in the control group points to that possibility. And on the other hand, studies have already shown, that greater CT in a relevant brain area pre-learning could favor the subsequent learning of related tasks. For example, Frank et al. (2016) reported that preexisting individual differences in CT in motion-sensitive area V5 and in posterior parietal cortex that were involved in a perceptual learning task could predict task-specific learning rates. Bi et al. (2014) reported a similar result regarding CT in the left fusiform face area and learning rates in a facial view discrimination task. As such, it might well be the case that CT in earlier visual areas like V1 could promote processing of visual stimuli stemming from the respective retinotopic area in the visual field and that patients with central vision loss intuitively choose that particular retinal area as their preferred pseudo fovea (PRL). Further research would be needed to clarify these two possible effects. For example, in a longitudinal study with MD patients starting early in their disease before the establishment of a distinct PRL CT in visual cortex could be measured, and the results could be probed in regard to the further development of the patients’ eccentric viewing strategies.

Another factor leading to differences between PRL and OppPRL CT in the patient group could be related to degenerative processes at the OppPRL representation area rather than compensatory effects at the PRL representation area. Degenerative processes at the OppPRL representation area could stem from less intact retina due to e.g., asymmetric scotomas or irregular scotoma borders or from less usage of the OppPRL area in daily vision despite intact retina. As outlined above, the PRL as a kind of pseudo fovea is usually characterized by stronger visual abilities than other intact retinal areas, but to exclude that merely degenerative processes at the OppPRL site due to less intact retina drive the observed effect, it should be controlled for overall usable vision at the OppPRL area. The fMRI paradigm used to determine the ROIs (Plank et al., 2017) was a passive viewing paradigm, where the patients did not perform a visual task, so that we could not derive performance levels based on these measurements. On the other hand, from almost all of our patients we also had results from a visual search task (N = 30), where they were requested to detect a target letter L among distractor letters T, as well as from a single letter control task (N = 29), where on each trial the letter L or T had to be discriminated at any of 16 positions in the peripheral visual field. Both tasks are described in detail in Plank et al. (2013). From these tasks, hit rates from targets in the PRL area (six letter positions near the patient’s PRL) and from targets in the OppPRL area (six letter positions near the patient’s OppPRL) could be derived. The remaining two patients did not perform that visual search tasks, but took part in a perceptual learning experiment (Plank et al., 2014), where hit rates in a texture discrimination task could be derived from the first session at the PRL position and the OppPRL position of the two patients. As such we can compare hit rates from at least one visual task performed at both locations from each patient. Since the PRL is a well-trained area that patients use for daily vision, overall better performance at the PRL could be expected. If the OppPRL has usable vision, which points to overall intact retina, the discrepancy between hit rates at both locations should not be too large. Therefore, we calculated the difference in hit rates between PRL and OppPRL in all patients and estimated the CT comparison between PRL and OppPRL ROIs in V1 again while we excluded all patients where the difference in hit rate on at least one of the visual tasks was greater than 0.40. A difference in hit rates of greater than 0.40 between PRL and OppPRL in at least one of the tasks could be observed in eight patients (P8, P9, P16, P19, P22, P24, P26, P31). After exclusion of these eight patients, the analysis on differences in CT between PRL and OppPRL in V1 in the remaining 24 patients remained significant (p = 0.02; d = 0.51). Thus, we consider it less likely that those differences in CT are due to any retinal degenerative processes at the OppPRL area cutting off input to the respective visual cortex. Nevertheless, reduced usage of the OppPRL area in comparison to the PRL area in daily vision and associated differences in vision could still underlie these findings. Our analyses cannot differentiate between those two possible effects. These observations are retrospective to disease onset, so any statement concerning causality would require further evidence from a prospective study of the effects of central vision loss on CT.

There were no overall significant differences in CT between patients and controls in our analyses in V1. As such, we did not replicate the result by Burge et al. (2016), who reported that patients with central vision loss showed significantly greater CT values in peripheral areas of V1 compared to that exhibited by the control group. On the other hand, we only investigated one specific eccentricity in every patient and his/her respective control, corresponding to the projection zone of the individually determined PRL, so our analysis does not provide information about CT measures at other eccentricities in our participants. We did observe a significant overall difference in CT between patients and controls in V2, with the controls exhibiting thicker cortex than the patients, but the effect size was rather small, and it was also limited to the specific eccentricities examined here.



Cortical Thickness of the Cortical Eye Fields

A previous study of our group (Plank et al., 2011) found a significant correlation between fixation stability and gray matter volume in a cluster of the right superior and middle frontal gyri. The current study investigated CT and its correlations with behavioral data in the frontal (FEF), supplementary (SEF) and premotor eye fields (PEF). In order to clarify which of these regions are most relevant, we adopted a region-of-interest approach. ROIs of these eye fields were defined by fMRI activity elicited by an eye movement task in an independent sample. We compared these ROIs with an atlas of cortical parcellations based on multimodal MRI (Glasser et al., 2016). Because our functionally defined FEF in the superior and middle frontal gyri overlapped with two distinct parcellations, we further subdivided our FEF into a medial (FEF-m overlapping with area 6a in the atlas parcellation) and a lateral part (FEF-l overlapping with area FEF in the atlas parcellation), respectively.

The mean CT of these eye fields did not significantly differ between our patient and control group. This argues both against a systematic enhancement or degeneration as a result of central vision loss in the cortical structure of the eye fields. In most of the eye fields considered here, CT inversely correlated with age (see Table 3), a known and often replicated phenomenon all over the cortex (e.g., Salat et al., 2004; Lemaitre et al., 2012; Beer et al., 2020). We were especially interested in correlations between compensatory behavioral measures like reading speed and eccentric fixation stability in the patients and CT in the eye fields, for which we expected a positive correlation. Indeed, we found positive correlations between reading speed and CT in the left and right FEF-m and the right PEF, both driven by data from the JMD group (see Table 3). Reading speed also correlated negatively with age and scotoma size, and an additional partial correlation with the control variables age and scotoma size revealed that the correlation in the left and right FEF-m may be confounded by those variables. On the other hand, the correlation in the right PEF remained at least borderline significant (r = 0.397; p = 0.046) even when age and scotoma size were controlled for. As such, this finding could be a sign of an at least partial relationship between reading speed and CT in the right PEF, but caution is warranted in interpreting these effects, since those p-values were not adjusted for multiple comparisons. The PEF is implicated in visually guided eye and head movements (Petit and Beauchamp, 2003), among other functions, which are usually important for normal reading and which have to be adapted, when a central scotoma impairs reading. This hints to a possible role of the right PEF in achieving good reading speed despite a central scotoma. But further research is needed in this regard. Additionally, we found positive correlations between fixation stability within 2° visual angle around fixation target and CT in the right FEF-m and the right SEF for the entire patient group. The AMD patients, who had on average a shorter disease duration, exhibited a similar result for fixation stability within 4° visual angle around fixation target and CT in right FEF-m and right SEF (see Table 3). Since fixation stability was positively correlated with visual acuity, we additionally conducted a partial correlation with visual acuity as a control variable. In that analysis, the correlations were reconfirmed and strengthened, but again caution is warranted in interpreting the effects, because the p-values were not adjusted for multiple comparisons. According to Coiner et al. (2019), the frontal eye fields are implicated in various eye movements, especially in the planning and initiation of saccades and in maintaining fixation. Research in non-human primates suggest a subdivision of FEF into a saccade-related and a pursuit-related part (Tian and Lynch, 1996; Petit and Haxby, 1999; De Castro et al., 2021; Krauzlis, 2004). Accordingly, we subdivided our FEF into a medial (FEF-m) and a lateral (FEF-l) part. Interestingly, we found the most pronounced correlation between fixation stability and CT in the medial subregion (FEF-m) of the right hemisphere. The medial part (FEF-m) also corresponds better to the ROI, we reported earlier in JMD patients, in which fixation stability correlated with gray matter volume (Plank et al., 2011). The JMD subject samples of these two studies largely overlapped (N = 20). In the current analysis, however, also the AMD group, that was not involved in the former study, showed a correlation between fixation stability and CT in that ROI (see Table 3). Positive correlations between fixation stability and CT were also obtained for the supplementary eye fields (SEF) of the right hemisphere, though the significance would again not survive correction for multiple comparisons. According to Coiner et al. (2019), the SEF are also implicated in the preparation and execution of saccadic and pursuit eye movements, but they appear to be involved in more cognitively demanding tasks, like predictive eye movements (e.g., Heide et al., 2001; Alvarez et al., 2010), performing saccade sequences (Heide et al., 2001; Thakkar et al., 2014) or combinations of saccades and body movements (Petit and Beauchamp, 2003). Additionally, we found a trend for a positive correlation between CT in the right SEF and scotoma size (Table 3), that may also be a sign for compensatory adjustment. Thus, the right FEF-m and SEF might work together in guiding eye movement behavior in patients with central vision loss, especially with regard to maintaining fixation at the eccentric PRL instead of the fovea. Connolly et al. (2000) found a similar cluster, a bit anterior to FEF, using fMRI that was especially involved in anti-saccades. Lepsien and Pollmann (2002) found a cluster in the right SEF and FEF active during covert reorienting and inhibition of return in a spatial cueing paradigm. The authors discussed this activation in the light of the hypothesis that inhibition of return is caused by inhibitory oculomotor processes (Taylor and Klein, 1998). Moreover, Milea et al. (2007) linked activation in the dorsolateral prefrontal cortex and the right presupplementary eye field and frontal eye fields to inhibitory processes in saccadic eye movements. Maintaining fixation at the eccentric PRL may involve inhibition of making eye movements to the originally favored fovea, thus leading to a thicker cortex in the eye fields as a supporting factor. Additionally, these regions (among others) have been implicated in oculomotor learning (Grosbras et al., 2001). Further research should tackle the role of re-referencing of saccadic eye movements to the PRL instead of the fovea (e.g., White and Bedell, 1990) in neuroplasticity of the eye fields. In our patients, we did not explicitly test, if a complete shift of the oculomotor reference from the fovea to the PRL had occurred in all or just a part of them. Without a shift of the oculomotor reference to the PRL, patients would for example re-center gaze to the fovea and then correct this position to the PRL in saccadic tasks (see also e.g., White and Bedell, 1990). Future experiments could reveal, if CT measures might relate directly to an adaptation process leading to re-referencing to the PRL. As stated above, we only found correlations between CT in the eye fields and behavioral data, which as such do not provide any information with respect to a causal relationship. The trend to a thicker cortex associated with greater reading speeds and fixation stability could reflect oculomotor learning in the adaptation process leading to consistent eccentric viewing. Note that our experimental design does not allow us to rule out the notion that patients, who had a pre-existing thicker cortex in the eye fields, could benefit from it in such an adaptation process.



CONCLUSION

In this study, we investigated how extensive eccentric viewing associated with central vision loss and the development of a PRL on intact peripheral retina, functioning as a pseudo fovea, affects brain structures responsible for visual perception and visually guided eye movements. Previous studies had shown that central vision loss can result in a degeneration of cortical gray matter at the occipital pole representing the central visual field (e.g., Boucard et al., 2009; Plank et al., 2011; Hernowo et al., 2014; Prins et al., 2016b; Beer et al., 2020). On the other hand, CT of early visual cortex turned out to be largely preserved or even enhanced in representational areas of the peripheral visual field (Burge et al., 2016). Here we could show that the representation area of the PRL in V1 exhibited significantly greater CT than a control area in the opposite hemifield (OppPRL). This effect was more pronounced in the patient group, but also the age-matched controls contributed to it. Thus, further research is needed to clarify, if increased CT at PRL representation areas in V1 is a consequence or a prerequisite for successful adaptation of that retinal area to compensate for central vision loss. Additionally, we found a trend toward positive correlations between CT in the right FEF and SEF and fixation stability and in the right PEF and reading speed. These results point to an association between the efficiency of compensatory strategies used by patients with central scotomas and structural properties of the brain, notably in early visual cortex and cortical areas underlying the control of eye movements. These findings may have implications for rehabilitation measures and possibly point to the neuroplastic capacities of the brain to adapt to the demands of eccentric viewing. However, further research employing longitudinal designs would be needed to confirm a causal link between CT alterations and such behavioral adaptive processes.
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Vernier acuity measures the ability to detect a misalignment or positional offset between visual stimuli, for example between two vertical lines when reading a vernier scale. It is considered a form of visual hyperacuity due to its detectable thresholds being considerably smaller than the diameter of a foveal cone receptor, which limits the spatial resolution of classical visual acuity. Vernier acuity relies heavily on cortical processing and is minimally affected by optical media factors, making it a useful indicator of cortical visual function. Vernier acuity can be measured, usually in seconds of arc, by freely available automated online tools as well as via analysis of steady state visual-evoked potentials, which allows measurement in non- or pre-verbal subjects such as infants. Although not routinely measured in clinical practice, vernier acuity is known to be reduced in amblyopia, glaucoma and retinitis pigmentosa, and has been explored as a measure of retinal or neural visual function in the presence of optical media opacities. Current clinical utility includes a home-based vernier acuity tool, preferential hyperacuity perimetry, which is used for screening for choroidal neovascularisation in age-related macular degeneration. This review will discuss the measurement of vernier acuity, provide a current understanding of its neuro-ophthalmic mechanisms, and finally explore its utility through a clinical lens, along with our recommendations for best practice.
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INTRODUCTION

The vernier scale, invented in 1631 by the French mathematician Pierre Vernier, allows very precise measurement of length and is read by distinguishing aligned from misaligned vertical lines between adjacent scales (Figure 1). This essentially requires the user to perform a vernier acuity task: to detect small offsets in the alignment between visual objects, in a direction perpendicular to a line joining the objects.
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FIGURE 1. Vernier calliper with a vernier scale on the sliding secondary scale. On the vernier scale the zero line provides the reading before the decimal point (12 mm), while the non-zero line (3) that aligns most closely with a line on the major scale provides the reading after the decimal place. This totals a measurement of 12.3 mm.


The vernier threshold (smallest detectable offset) for humans is as low as 2 to 5 arcseconds (Westheimer and McKee, 1977b; Westheimer, 1987). Vernier acuity is hence regarded as a type of hyperacuity (Westheimer, 1975), a term that describes visual tasks that have thresholds smaller than the size of a foveal cone (2.5 μm, about 30 s of arc), which limits the classical spatial resolution of the eye. Other examples include stereoscopic acuity (binocular vision), line orientation discrimination, and detection of curvature (Westheimer, 1981).

Vernier acuity is a fascinating and important measure of visual function – particularly cortical visual function – but is infrequently used in clinical practice because it is not well understood. Vernier acuity thresholds can be measured with software that is freely available online with as little equipment as a computer. More complex measurement can be carried out using visual evoked potentials, which require more sophisticated equipment and analysis. Vernier related visual tasks are generally easy for subjects to understand and perform. Measurement of vernier acuity can provide a diagnostic tool that tests a unique aspect of human perception. It has previously been studied in visual disorders such as age-related macular degeneration, glaucoma, and amblyopia. Given its psychophysical characteristics, vernier acuity may also be a useful outcome measure in clinical trials of emerging neuro-ophthalmic treatments, and be useful for more defined diagnostic protocols.

This review aims to bring together broad information on vernier acuity from a clinical perspective, with the purpose of providing guidance on its utility in clinical settings and factors to consider for measuring vernier acuity robustly in a standardised way.



MEASUREMENT OF VERNIER ACUITY

Several methods for the measurement of vernier acuity are reported in the literature. Vernier offsets can be detected from stimuli including dots, lines, and gratings (Figure 2), which are usually displayed on a computer screen. Features including the background contrast, luminance, gap size between objects and object sizes can be varied. Psychophysical methods for measuring vernier thresholds rely on behavioural responses based on the judgement of the observer (their visual perception) when viewing the relative positions of these objects. A lower vernier threshold represents better vernier acuity. For example, in a two-alternative, forced-choice (2AFC) paradigm, the observer may be instructed to indicate whether the upper object is offset to the left or the right of the lower reference object. In a three-alternative forced-choice (3AFC) paradigm, the observer may be instructed to distinguish one object-pair that is misaligned (i.e., containing a vernier offset) from two other object-pairs that are aligned (Li et al., 2012). The observer’s response for each trial can be input by either the observer or the examiner. It is thought to be beneficial to give feedback for correct/incorrect responses, so as to maintain the subject’s interest in the task (Enoch et al., 1985). To minimise the effect of perceptual learning, participants can carry out pretraining (Duncan and Boynton, 2003).
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FIGURE 2. (A) Vernier stimuli can consist of pairs of discrete dot-like shapes, lines or other juxtaposed elements where an offset occurs in a direction perpendicular to a line joining the features of interest. (B) When measuring vernier acuity with steady state visual evoked potentials, animations that transition between aligned and misaligned stimuli are used. (C) Preferential hyperacuity perimetry requires the subject to identify misaligned dots on a computer screen.


Determination of the threshold depends on the method used. When measuring using a staircase procedure, the vernier offset magnitude between stimuli is larger to begin with and is reduced when the observer makes a certain number of correct responses or increased for incorrect responses. Researchers must choose a percentage level of correct responses at which to define the vernier threshold. This level can range from 66 to 85.4% (Enoch et al., 1984b; Li et al., 2012). The number of trials required to complete a staircase can vary from as few as 20 to over 100 (Enoch et al., 1984a; Li et al., 2012), depending on the algorithm used, with 25 trials taking around 3–4 min to complete (Enoch et al., 1985). Another approach reported in the literature is the method of constant stimuli, where stimuli of varying vernier offset size are presented in a random order and the frequency-of-seeing against offset size (psychometric curve) plotted to determine the threshold at a prespecified cut-off (Levi et al., 2000; Li et al., 2000). A constant stimuli procedure involving 300 or more trials was reported to require 20–30 min in experienced observers (Westheimer and McKee, 1977b), although participants in a more recent study only required 2–5 min to complete 105 trials (Latham et al., 2013). Another strategy that can be used is the adjustment method, where the participant must manually position an object on a screen so that it is aligned with one or two other reference objects. In a study with untrained observers using this method, 10 trials were reported to take around 5 min, but due to interindividual variability, the number of trials required to measure a mean vernier threshold with a 10% confidence interval was 100–700 trials (Abbud and Cruz, 2002).

Several key open source computer software programs for the psychophysical measurement of vernier acuity are available online. The vernier acuity module of the Freiburg Acuity Test (FrACT) software1 includes an automatic 2AFC staircase with the BestPEST adaptive algorithm on the direction (left or right) of horizontal offset between the position of two vertical lines. The FrACT has been well validated and established in the measurement of acuity in low vision patients (Lange et al., 2009; Jolly et al., 2019). The vernier acuity module provides a valuable adjunct in the battery available. The Psychophysics Toolbox2 can be run on Matlab or Octave to display vernier targets and measure vernier thresholds; Psychopy3 is a Python-based package that offers similar functions.

Steady state visual evoked potentials (VEPs) can be used as an objective measure of vernier acuity and so are useful in pre-verbal or non-verbal participants, including infants. Electroencephalogram electrodes are placed on the observer’s scalp over the occipital pole [positions OZ, O1, O2; reference at CZ and ground at PZ (Hou et al., 2018)]. A periodic vernier onset/offset animated grating pattern (Figure 2B) is shown to the observer while VEPs are recorded. Spectral analysis of the response demonstrates two components: the odd harmonics of the stimulus frequency (first, third…) correspond to the vernier displacement magnitude, while the even harmonics (second, fourth…) correspond to the motion of the stimulus (Norcia et al., 1999). Plotting the amplitude of the first (1F) harmonic response against the log displacement magnitude yields an approximately linear relationship, and extrapolation of the regression line to a zero response amplitude gives the vernier threshold. Instant transformation of acquired VEP data to VEP vernier acuity can be performed by in-house software (Hou et al., 2018). VEP vernier threshold measurement requires greater technical expertise to conduct compared to psychophysical methods; detailed descriptions of methodology are included in several studies (Norcia et al., 1999; Skoczenski and Norcia, 1999; Hou et al., 2007). In normal as well as amblyopic subjects, vernier acuity measurements made with VEP demonstrate a 1:1 relationship with psychophysical methods of measuring vernier acuity (Hou et al., 2018). VEP measurement of vernier acuity is therefore a valid method that does not require behavioural responses.

Following the COVID-19 pandemic and with rising pressures on clinics for ophthalmic treatments, greater attention is being given to the use of home monitoring to facilitate provision of streamlined care (Jones et al., 2021; Ward et al., 2021). Targeted vernier acuity tools can also be utilised, within the clinic setting or even in a patient’s home, to monitor changes in macular function, particularly important in diseases such as age-related macular degeneration (AMD). Based on detecting the pathological distortion of stimuli that occurs from retinal elevation secondary to choroidal neovascularisation or drusen, preferential hyperacuity perimetry (PHP) can localise and quantify metamorphopsia (Alster et al., 2005). The Foresee PHP (Notal Vision, Tel Aviv, Israel) and its newer home version, ForeseeHome4, require the patient to fixate on a central cue on a screen and view a succession of stimuli. Each stimulus consists of a dotted line (Figure 2C), of which some dots deviate from the main axis of the line (an artificial distortion) (Alster et al., 2005; Querques et al., 2011). The patient indicates, either by touch or mouse cursor, where the perceived distortion is. When a pathological distortion is perceived to be larger than the artificial distortion, the patient will preferentially indicate the pathological area. The size of the distortion is varied between trials so that the degree of the pathological distortion can be quantified. Self-monitoring on the ForeseeHome, now approved by the United States Food and Drug Administration for AMD patients at risk of vision loss from choroidal neovascularisation, takes 3 min per eye and assesses the central 14 degrees of a patient’s visual field. As it is a telemonitoring device, the data is automatically sent to the prescribing retinal specialist for review. Although PHP does not output a vernier threshold per se, it utilises the principle of a psychophysical vernier task to identify pathology (see section “Retinal Pathologies” for further details and evidence for its use).



NEURO-OPHTHALMIC MECHANISMS OF VERNIER ACUITY

Conventional visual acuity, as is usually measured during assessment of visual conditions, relates to the ability of a viewer to resolve two visual stimuli as separate, that is to discriminate their spatial separation. Photoreceptors of the fovea have been shown by microscopy to be arranged approximately in a hexagonal mosaic, each receptor acting as a discrete unit (Westheimer, 2012). For the light from two visual stimuli to be resolved or distinguished as separate, the intervening reduction in light stimulus must be detected by a single receptor that is flanked by two other receptors that receive a greater light signal (Figure 3). Therefore, the resolution limit in the eye as measured by visual acuity matches the spacing between photoreceptors. This forms the basis of visual acuity and is exemplified by the ability to distinguish optotype letters, e.g., “O” from “C” or “P” from “F.” The optical resolution limit, or minimum angle of resolution, corresponds to 1 arcminute of visual angle, or 2 mm when viewed at 6 m. This is a well-studied concept and Westheimer (1987) presents an in-depth description of the limits that diffraction theory imposes on visual acuity. Despite this physical limit, humans can recognise positional offsets of an order of magnitude less than this. This begs the question of the basis of the ability to detect locational differences of less than a cone diameter, beyond the optical and anatomical limits of the eye.
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FIGURE 3. A comparison between the concepts of visual acuity and vernier acuity using a hexagonal mosaic model of retinal photoreceptors. Yellow circles with blurred edges represent areas of retinal illumination. Classical visual acuity, or resolution acuity (R), involves resolving two stimuli as separate and requires a gap in retinal illuminance to be detected by a photoreceptor located between other photoreceptors receiving stimulation. Vernier acuity (V) involves localisation of the difference in spatial positions of two separate stimuli.


The exact mechanism underlying the ability of vernier acuity, and other hyperacuities, to surpass this resolution limit of the eye and the retinal elements is still being clarified. Hering (1899) proposed that neural averaging of the signals of receptors along a target (the “local signs”), across minute eye movements, could explain the ability to precisely localise signals (Figure 4; Strasburger et al., 2018). However, as he included the key concept regarding eye movements only in a footnote to his paper, he became widely miscited as having proposed that averaging occurred along the length of the line contour, an idea that in time was disproved by experiments showing that dot and curve stimuli could also act as vernier stimuli. The role of averaging across eye movements was independently put forth again by Andersen and Weymouth (1923) in their ‘retinal mean local sign’ theory. Averill and Weymouth (1925), upon discovering the neglected footnote, subsequently reattributed the origin of this concept to Hering but through their own experiments also contended for the roles of length summation and binocular summation in building the mean local sign. Further knowledge about receptive fields adds to this understanding. V1 is made up of orientation sensitive receptive fields. Both single cell and psychophysical recordings support the sensitivity of hyperacuity threshold to orientation of the target, pointing to the receptive fields being a key component of the underlying mechanism (Swindale and Cynader, 1986; Vogels and Orban, 1990; Fahle and Harris, 1998).
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FIGURE 4. Adaptation of Ewald Hering’s (1899) illustration to demonstrate his eye-movement hypothesis for detection of a small vernier offset, using a hexagonal retinal receptor mosaic model. Each receptor corresponds to an all-or-none “local sign” or “space value.” (A) The offset edge lies along two lines of receptors, with the top half exciting only line 2, and bottom half exciting both lines 1 and 2. Excitation is depicted in green. (B) The offset edge completely falls along a single line of receptors (line 2) and is therefore perceived as “straight.” Small, repetitive eye movements between (A,B) would provide the location difference of the offset lines via higher order averaging (Strasburger et al., 2018). (C) In a different orientation, an offset edge lies parallel to the boundaries between receptors. With minute horizontal eye movements across the arrangement, receptors marked 1 and 2 contribute to the location signal of the lower half, and receptors marked 2 and 3 contribute to the location signal of the upper half, thus leading to differential excitation along the edge. Note that on the retinal surface, the edge will not be so sharply demarcated as in this figure; diffraction will result in a steep gradient of illumination.


The development of more sensitive experimental techniques, particularly for retinal image stabilisation, has provided further support for the importance of small eye movements in both hyperacuity and conventional visual acuity (Strasburger et al., 2018). Averill and Weymouth (1925) measured a two-fold reduction in vernier thresholds when stimulus exposure time was reduced from 1540 to 30 ms, a time frame chosen to restrict eye movement response, though they were only able to partially control for differences in light flux with their technology at the time. More sensitive methods by Westheimer and McKee (1977a) with full equating of light flux across the exposure period found vernier thresholds relatively unchanged with exposure times as low as 11 ms, suggesting that eye movements are not an absolute limiting factor for vernier acuity (Westheimer, 2018).

Vernier acuity thresholds remain robust to movements when the target is moving up to several degrees per second (Westheimer and McKee, 1975). Performance is reduced if the stimuli are shown asynchronously; even 20–50 ms apart will impair the threshold. Like other visual functions, vernier acuity shows an “oblique effect” where performance is reduced for obliquely oriented stimuli, compared to those aligned with vertical and horizontal meridians (Ludvigh and McKinnon, 1967). This is thought to result from increased positional uncertainty resulting from lower cortical density of neurons tuned to oblique orientations, or increased topographic noise (Saarinen and Levi, 1995). Furthermore, vernier acuity is susceptible to crowding (Westheimer and Hauske, 1975), where masking or interference by nearby stimuli causes reduced performance. This points to a cortical mechanism whereby signals are aggregated and processed from a wider retinal area than that indicated by the stimuli. Flanking lines produce the greatest interference when placed at a distance of 2–4 arcmin from the target stimuli (Levi et al., 1985). Therefore, for accurate and reproducible measurement of vernier acuity it is best to proceed without any crowding markers, while presenting the stimuli synchronously, and ideally in horizontal or vertical meridians. One study found that when obliquely oriented stimuli were presented, participants would attempt to reorient their head, which would interfere with measurement accuracy (Schmid et al., 2018). Overall, it appears from the evidence presented that a cortical mechanism involving processing of ganglion cell impulses, which themselves aggregate the output of many photoreceptors, allows for fine thresholds in the hyperacuity range to be distinguished.

Psychophysical methods, electroencephalography (EEG) and cortical imaging have assisted to elucidate the nature of the cortical mechanisms underlying vernier acuity. Both the primary visual cortex (V1) and extrastriate cortical regions have been implicated in the cortical processing of vernier stimuli. Hou et al. (2017) carried out source imaging studies using functional magnetic resonance imaging (MRI)-informed EEGs to localise sources of vernier and grating acuity in four visual regions: V1, lateral occipital cortex, hV4, and middle temporal cortex. V1 and lateral occipital cortex were the most sensitive cortical areas to vernier displacement stimuli, providing further evidence that detection of vernier acuity involves striate mechanisms. However, grating stimuli (which reflects resolution limits) evoked equal responses in all four regions. Later studies measuring vernier-related activity with steady state VEPs showed a predominant initial response over medial occipital electrodes, with broadly distributed secondary responses occurring later that were consistent with a feedforward pathway originating in the early visual cortex and progressing to higher-order areas (Barzegaran and Norcia, 2020). In contrast, VEPs for letter acuity showed a dominant component over the lateral occipital areas, particularly in the left hemisphere, with later responses at the early visual areas due to feedback. The differences in cortical response topography indicate that while the cortical sources of vernier and letter acuity are distinct, they both undergo processing in the early visual cortex.

Both visual and vernier acuity deteriorate in the periphery compared to central vision. However, the rate at which this happens differs between the 2 modalities, emphasising the difference between these measures of acuity (Levi et al., 1985; Virsu et al., 1987; Wilson, 1991). Whilst visual acuity is restricted by retinal factors and ganglion cell receptive field size, vernier acuity is limited by cortical factors including cortical magnification. When the visual target is scaled to cortical magnification at each eccentricity, vernier acuity performance in the periphery is similar to at the fovea (Levi et al., 1985). The relationship with cortical magnification explains much of the variability between eccentricities, confirming that vernier acuity is a result of higher-level processing. However, cortical magnification does vary between individuals (Horton and Hoyt, 1991). Levi et al. used “perceptive hypercolumns” to describe the psychophysical processing modules of the cortex that subtend a few minutes in the fovea, and found vernier thresholds to be around 1/40th the size of a perceptive hypercolumn. The presence of interfering stimuli within the same or adjacent perceptive hypercolumn reduced vernier performance (Levi et al., 1985). It should be noted that ocular dominance columns, which each span a similar retinal area to perceptive hypercolumns, were not found to be the anatomical site of hyperacuity cortical processing, as hyperacuity thresholds in the test eye were not affected by the absence or presence of interlaced input from the other eye (Westheimer, 1982).

The linear cortical magnification factor in V1, which reflects the cortical spatial sampling of retinal neurons and varies by retinal eccentricity, was measured using functional MRI and demonstrated a correlation between cortical magnification and vernier acuity within observers (Duncan and Boynton, 2003). The computed cortical representation of vernier acuity thresholds was approximately constant across all retinal eccentricities, with a cortical distance of 0.12 mm representing the retinal space occupied by the mean acuity threshold. Due to the consistent cell density in V1, this suggests that a constant number of neurons corresponds to the cortical representation of the mean vernier acuity threshold. Observers with larger overall cortical area in V1 had lower vernier acuity thresholds, and greater changes in the cortical magnification factor with retinal eccentricity were found in observers who also showed greater changes in vernier acuity thresholds with retinal eccentricity. Of the inter-individual variability in vernier acuity thresholds between observers, 21–23% was attributed to cortical topology differences.

Vernier acuity is resistant to contrast and luminance changes at suprathreshold levels (Wehrhahn and Westheimer, 1990; Waugh and Levi, 1993b), with detection reaching its optimum level at a Michelson contrast of 0.22 when background luminance is 860 cd/m2. An exponential increase in the vernier threshold at contrast below 0.22 was found. In terms of decimal acuity, vernier acuity is 10-fold that of visual acuity both under photopic and scotopic conditions (Freundlieb et al., 2020). Most studies in the literature test at a Weber contrast of 90% or above, or a Michelson contrast of 80% or above. Studies investigating the relationship between target contrast and target separation using vernier line targets suggest that vernier acuity demonstrates contrast-dependent mechanisms when there is a small separation (2 arcminutes or below) between the targets, whereas larger separations (4 arcminutes or above) are contrast-independent (Waugh and Levi, 1993a). This led to the hypothesis that spatial filters that depend on contrast are involved in the processing of close targets, but not of targets with large separation.

As with other forms of acuity, vernier acuity is improved with binocular summation (Banton and Levi, 1991). Interestingly, when one eye is presented with masking stimuli, the fellow eye will demonstrate elevated vernier thresholds (Mussap and Levi, 1995). This suggests there is an interaction in binocular function beyond summation, and may be reflective of information processing downstream from the initial cortical processing site. Thus for accurate vernier acuity measurement, we recommend each eye be tested monocularly, using a fully black occluder that does not introduce interference to the tested eye.

Training can improve vernier task performance and does not require feedback to be effective. A training schedule of 2000–2500 trials per individual resulted in a 40% reduction in thresholds (McKee and Westheimer, 1978). This is analogous to visual training for amblyopia and stroke. This may have developed evolutionarily due to the role vernier acuity plays in facial recognition, where it was demonstrated that vernier acuity judgments made between eye and mouth positions assist with facial discrimination in synthetic faces (Vesker and Wilson, 2012). Vernier acuity has also been found to play a role in visual word processing. A Chinese study found that vernier acuity was significantly correlated with improved Chinese character form-matching task performance, implying a strong contribution to an early stage of Chinese hierarchical word processing. Grating acuity was not found to have such a correlation (Tan et al., 2018). However, vernier acuity was found to be unaffected in English-speaking subjects with dyslexia (Everatt et al., 1999). This discrepancy in findings may be explained by a difference between character-matching for Chinese characters and reading English words, and the number of components that make up the characters in the different languages. Vernier acuity likely plays a role in other aspects of visual experience, but this has not yet been explored in the literature.



VERNIER ACUITY OVER THE LIFESPAN

Vernier acuity appears to follow a steeper gradient of improvement across childhood, with maturation likely to occur at around age 6, with further fine-tuning continuing into the teenage years (Figure 5). Earlier methods using preferential looking demonstrated the development of vernier acuity from before six months of age (Manny and Klein, 1984). The early studies found vernier acuity to be poorer than grating acuity in very early life but then superior to grating acuity at around 3 to 4 months, remaining so for the lifespan, a pattern also seen in stereoscopic acuity, another type of hyperacuity (Shimojo et al., 1984). Later studies with more accurate methods using eye tracking with infrared technology, and stationary stimuli to measure both vernier and grating acuity to remove motion as a confounder, indicate that vernier acuity is worse or equal to grating acuity until 4 years of age, at which time it becomes significantly superior (Zanker et al., 1992; Skoczenski and Norcia, 1999). The age of maturity for vernier acuity varies from 6 to 14 years of age (Zanker et al., 1992; Kim et al., 2000). This pattern of development provides support that this is a cortically driven response, as increasing visual input provides opportunity for increased developmental response.
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FIGURE 5. Development of vernier acuity in early life. Adapted from Zanker et al. (1992).


Although early studies (Odom et al., 1989; Lakshminarayanan et al., 1992; Whitaker et al., 1992) had concluded vernier acuity is stable with age in adulthood, this was likely a result of a floor effect when testing younger subjects due to large pixel sizes on screens. Later studies utilising smaller pixel size on higher resolution displays, and therefore enabling a smaller step-size for the vernier offsets, demonstrated that vernier acuity indeed does worsen with age – by about a factor of two above age 60 (Li et al., 2000; Garcia-Suarez et al., 2004). Electrophysiological studies measuring visual evoked potentials confirmed both increased vernier thresholds with age and time required to process vernier stimuli (Li et al., 2001). One suggestion for this effect is a reduction in sampling efficiency with age in the visual cortex due to neuronal changes (Li et al., 2012). This relationship may be disadvantageous for some proposed uses where age may be a confounder, such as for determining potential visual acuity prior to cataract surgery or in long-term studies.



CURRENT CLINICAL UTILITY AND POTENTIAL APPLICATIONS


Cataract

Vernier acuity is an indicator of neural visual function. It is highly resistant to retinal image degradation up to a certain point, as well as robust to variations in contrast and luminance, making it an ideal candidate to study neural visual potential in cataract patients (Williams et al., 1984). Conventional visual acuity does not distinguish visual loss due to optical media factors from that caused by retinal or neural factors, and thus may lead to disappointing results post-operatively. In the presence of simulated cataracts by viewing through ground glass, vernier acuity was found to be more resistant to image degradation than resolutional acuity (Williams et al., 1984). This finding was supported on examining patients with real cataracts (Essock et al., 1984). In a series of cases studies, Essock et al. (1985) compared the performance of two vernier acuity tests in differentiating between retinal and optical causes of visual loss (Figure 6). Firstly, they employed a “hyperacuity gap test” that measured vernier thresholds across varying gaps separating dot stimuli. Normally plotting vernier acuity on a log scale against the gap size will produce an inverted U-shape curve, as vernier acuity with dot stimuli is compromised with very large (>6 arcseconds) or very small gap (<2 arcseconds) sizes (Westheimer and McKee, 1977b; Essock et al., 1984). In a normal observer, this curve is shallow with an optimum gap size of 2–4 arcseconds. The characteristics of the curve change with increasing levels of optical degradation from cataract or simulated opacity (ground glass): the optimum gap size (curve peak) increases, overall vernier performance is reduced, and the curve steepness increases (Essock et al., 1985). The case studies demonstrated that the gap test functioned as an indicator of optical quality while being insensitive to retinal dysfunction, and could predict what level of visual acuity loss was accounted for by optical degradation alone. Secondly, they employed a hyperacuity perimetry test that measured vernier performance across retinal eccentricities, which provided information on macular function while being resistant to effects of even severe optical opacities. By comparing the resultant curves from these two tests to a database of curves from patients with normal function or from patients with cataract resulting in varying levels of visual acuity loss (but no other visual condition), they were able to predict whether patients’ reduced visual function was likely primarily due to retinal or optical pathology (Essock et al., 1984). This thus illustrates the utility of this battery of vernier tasks for assessment prior to cataract surgery to predict potential for visual improvement.
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FIGURE 6. Examples of hyperacuity gap test and hyperacuity perimetry curves from case studies by Essock et al. (1985) to discriminate visual loss due to cataract from that due to retinal pathology. The gap test curve (top) from a subject can be compared to a set of measured curves from patients with cataract resulting in varying levels of visual acuity loss. The hyperacuity perimetry curve in normal vision (bottom, dashed line) is characterised by a central sensitivity peak at the fovea, with flattening (or reversal) of this peak indicating impaired macular function.




Retinal Pathologies

The PHP (see section “Measurement of Vernier Acuity”) devices are now FDA-approved to monitor for choroidal neovascularisation in age-related macular degeneration (AMD). The Home Monitoring of the Eye (HOME) study was a controlled, randomised clinical trial comparing ForeseeHome use with standard care in 1520 AMD patients (AREDS Home Study Research Group et al., 2014). It demonstrated earlier choroidal neovascularisation detection in patients randomised to home-based device monitoring than in controls, highlighting an important role for vernier acuity in initiating early anti-angiogenic therapy to maximise visual outcomes. A meta-analysis demonstrated a superior pooled sensitivity of PHP (0.85) compared to the Amsler grid (0.78) for screening for the presence of neovascular AMD, although the specificity of PHP (0.87) was lower than that of the Amsler grid (0.97) (Faes et al., 2014). While the current clinical standard for screening for AMD progression is the Amsler grid, it has demonstrated poor efficacy in identifying sight threatening pathology (Fine et al., 1986; Schwartz and Loewenstein, 2015); therefore PHP, with its higher sensitivity, may help improve outcomes for AMD patients despite its lower specificity.

Furthermore, PHP is also useful for monitoring response to anti-angiogenic therapy in neovascular AMD. In a prospective study in 14 AMD patients undergoing a single ranibizumab injection, improvement in Foresee PHP test performance was closely correlated with improvement in macular morphology as measured on spectral domain optical coherence tomography, as well as improvement in best corrected visual acuity (Querques et al., 2011).

Alternative self-monitoring tests using vernier acuity have shown promise for screening for neovascular AMD. An iPad-based Hyperacuity App, which requires the user to complete a task similar to that of the PHP, demonstrated 0.923 sensitivity and 0.615 specificity in identifying choroidal neovascularisation in AMD patients (Chen and Adelman, 2016). Preliminary data from a case-control study on a computer-based Vernier hyperacuity alignment task in diagnosing wet AMD showed 0.75 sensitivity and 0.94 specificity (Schmid et al., 2018). Reduced PHP performance has also been shown in other retinal pathologies such as polypoidal choroidal vasculopathy (Kim et al., 2014) and hydroxychloroquine retinal toxicity (Anderson et al., 2009). Recent work has shown hydroxychloroquine toxicity to be more common than realised (Yusuf et al., 2021) and as such, a screening tool for home monitoring may be of use for early identification of toxicity to reduce disease burden and improve patient outcomes. It is feasible that PHP would be useful to monitor metamorphopsia in other retinal pathologies such as Stargardt disease, but this has not been reported in the literature.

In retinitis pigmentosa, vernier acuity is reduced to a similar degree as letter acuity and grating acuity, suggesting that increased foveal inter-cone spacing is responsible for the reductions in these types of acuities, requiring larger stimulus dimensions in order to perform these tasks to account for the increased grain size of the retinal mosaic (Alexander et al., 1992).



Glaucoma

Vernier acuity has been investigated as a proxy measure for the change in receptive fields due to ganglion cell loss in glaucoma. Piltz et al. (1993) and McKendrick et al. (2002) found vernier acuity to be an earlier marker than conventional visual acuity or visual field loss, which would indeed support this hypothesis. Mean vernier thresholds were increased by 64% in glaucomatous eyes and 47% in suspect eyes; however, there was significant overlap between the groups (Piltz et al., 1993). A similar pattern was found by McKendrick et al., and additional testing at varying contrast levels did not provide additional sensitivity. This would suggest that vernier acuity would be most helpful in situations where baseline results are available and relative change can be assessed.



Amblyopia

Amblyopia is a visual disorder resulting from cortical suppression of visual input from one eye during a critical developmental period in early life. It can be caused by strabismus, anisometropia or visual deprivation. Many visual functions are found to be impaired in amblyopic eyes, such as contrast sensitivity, spatial integration (e.g., contour integration and global orientation discrimination), global motion perception, motion-defined form perception, and stereopsis (Wong, 2012). These abnormalities in visual function, and even in more complex cognitive functions, result from dysfunction spanning various areas, including of early processing in V1 and higher level processing in extrastriate areas (Wong, 2012). In unilateral amblyopia, vernier acuity performance is reduced in the amblyopic eye but the fellow eye does not show deficiency, which is in contrast to other tasks involving contrast sensitivity or spatial integration (Meier and Giaschi, 2017). This is a result of the cortical suppression for spatial information corresponding to the amblyopic eye, which leads to spatial distortions and spatial uncertainty. Therefore, an elevated vernier acuity threshold may alert a clinician to neurological or developmental abnormalities so that further investigation or referrals can be undertaken.

Visual evoked potentials measurements in amblyopic patients show a proportional reduction in both vernier acuity and letter acuity (Hou et al., 2018). As both depend on retinal eccentricity, with steep reductions at greater eccentricity from the fovea, this linkage may be explained by the reduced central visual function in amblyopia that occurs secondary to the loss of high-spatial frequency receptive fields and abnormal binocular inhibitory interaction. Vernier performance in the amblyopic eye is more disrupted in strabismic amblyopes than in anisometropic amblyopes, an effect that is greatly magnified when presenting vernier stimuli of high spatial frequency (Levi and Klein, 1982), alluding to differing underlying neural adaptations occurring in these two forms of amblyopia (Meier and Giaschi, 2017). Anisometropic amblyopia is associated with global spatial suppression, whereas strabismic amblyopia causes more localised suppression of the cortical regions that correspond to retinal areas that do not fuse due to the squint. In demonstration of neural plasticity, vernier acuity in the amblyopic eye can be improved with occlusion therapy in children and with practice of vernier tasks in adults (Levi et al., 1997; Meier and Giaschi, 2017). Perceptual learning from the amblyopic eye due to repetitive practice can even transfer to the fellow eye (Li et al., 2008).

Using both VEP and psychophysical measurements in amblyopic patients, vernier acuity has been found to be a more accurate marker of letter acuity loss than grating acuity (Hou et al., 2018). Hence, vernier acuity may be a more reliable method of identifying or monitoring amblyopia than grating acuity, particularly in pre-verbal subjects.

Consistent with the vital role of cortical processing in vernier tasks, children with cortical visual impairment (bilateral visual impairment resulting from perinatal insult to the visual cortex or optic radiations) demonstrate a more severe deficit in vernier acuity compared to grating acuity (Skoczenski and Good, 2004).



Other Conditions

Vernier acuity has been investigated in a number of other conditions. Vernier thresholds have been found to be elevated in Down syndrome by a factor of 2.7, indicating that impaired cortical processing contributes to poor optical quality in causing reduced visual function (Little et al., 2009).

Vernier acuity, a measure of V1 performance, is unchanged in migraine patients, indicating that the deficit in global form and motion processing in these patients is not mediated through impaired V1 processing (McKendrick et al., 2006).

Vernier acuity can also be used to assess early stage neural processing performance in other visual pathways. Vernier tasks using specific stimuli such as low contrast or isoluminant blue-yellow coloured objects have been employed to study differences in magnocellular (M) and parvocellular (P) visual pathway functions in patients with psychiatric conditions. Subjects with untreated schizophrenia demonstrated dysfunction in vernier tasks involving stimuli specific to the M pathway (Keri et al., 2004), while subjects with bipolar disorder demonstrated impaired M and P pathway functions only during a depressive state (Keri et al., 2007). Psychophysical studies in conjunction with physiological studies in macaque parafoveal ganglion cells have lent support to a hypothesis that M and P pathways have access to spatial position information used by vernier acuity mechanisms (Sun et al., 2012). It has been argued that vernier acuity itself, however, is not an accurate representation of magnocellular sensitivity as conditions that do not cause magnocellular deficits can caused reduced vernier acuity (Skottun and Skoyles, 2010).



BARRIERS TO CLINICAL USE

Although vernier acuity or hyperacuity has been proposed and tested as a diagnostic aid for various ophthalmic conditions, including AMD, amblyopia and glaucoma, it has met with several barriers. The measurement process can be time consuming, requiring many trials to measure mean vernier threshold due to interindividual variability. A study using the method of adjustment required a minimum of 100 to 700 trials to achieve a mean precision of 10% (Abbud and Cruz, 2002). Ten trials were reported to take about 5 min, implying 100 trials would require 50 min. Another study using a staircase method to investigate the effect of positional noise on vernier acuity across age groups, including in elderly subjects, required 60–90 min of measurement time across 1 to 2 sessions to record 400 responses per participant (100 responses each at 4 noise levels) (Li et al., 2012). This necessitates balancing the need for a more accurate result against the practicalities of conducting the test within a time period appropriate for participant concentration, as fatigue will also reduce measurement accuracy. The long attention span required for such a task has been suggested as a reason for the higher thresholds in children (Abbud and Cruz, 2002). Furthermore, training changes performance due to cortical plasticity. Where training is incorporated into a study, the results cannot be compared to naïve observers.

Despite the availability of free tools to measure vernier acuity on common equipment such as desktop or mobile computers, vernier acuity is not in widespread clinical use for assessing visual function and is not well understood in the clinical community. The development of commercially available vernier acuity-based tools with clinical utility in AMD allows for the standardisation of testing across research groups and clinical settings, making vernier acuity more accessible. In addition, standardised tools allow validation of these methods to help us better understand the utility of this technique and expected normative values.



BEST PRACTICE GUIDANCE FOR VERNIER ACUITY


Psychophysical Measurement

In order to provide the most reproducible results we recommend to:


• Use one of the available software test suites which have optimised the staircase paradigms:

◦ Freiburg Acuity Test (FrACT) software (see footnote 1).

◦ Psychophysics Toolbox (see footnote 2).

◦ Psychopy (see footnote 3).

• Test without crowding markers.

• Use a gap size of 4 arcminutes for optimum vernier threshold measurement (Westheimer and McKee, 1977b).

• Present the stimuli synchronously.

• Present the stimuli in horizontal or vertical meridians rather than oblique.

• Use high contrast levels of over 90%.

• Test monocularly using a black occluder over the eye not being tested to avoid binocular interference.





VEP Measurement


• Sweep VEP method (Almoqbel et al., 2008).

• Square wave grating containing a vernier offset and at a Michelson contrast of 80% (Chen et al., 2005).

• ISCEV standard electrode placement for 3 channel VEPs appear to be sufficient (Hou et al., 2007, 2018).

• Use of asymmetric stimuli, such as pattern onset-offset VEP stimuli (Hou et al., 2017).

• Use of multiple luminance levels.

• Use of the first harmonic for threshold determination. Discrete Fourier analysis applied to the amplitude and phase, ensuring the SNR is ≥3:1 with the phase of the response reaming constant or gradually lagging the stimulus as spatial frequency increases (Skoczenski and Norcia, 1999; Watson et al., 2009).





CONCLUSION

Vernier acuity, the archetypal hyperacuity, demonstrates the remarkable ability of cortical processing in the visual system to discriminate small offsets between stimuli at a level surpassing the resolution limits of the retina. This provides a measure that is complementary to the measurement of visual acuity by providing information about a different process along the visual pathway. A wide variety of tools that range in complexity have emerged to measure vernier acuity, with some now in clinical use for the monitoring of macular disease. Investigating vernier acuity as a marker of retinal or cortical function has use in ophthalmic diagnostics, as well as a marker of therapeutic success.

The clinical use of vernier acuity has been limited to date by a poor understanding of the technique by clinicians, and limited accessibility to equipment to facilitate testing. However, the availability of open access software (such as the FrACT) now opens the door for increased uptake of this useful test.

To provide more evidence for the clinical implementation of vernier acuity, there are a number of unanswered questions. Further investigations into the use of EEG estimations of vernier acuity (for non-verbal patients) are warranted. PHP could be a beneficial monitoring tool for retinal disease affecting the macula, such as Stargardt disease and bull’s eye maculopathy during hydroxychloroquine intake; longitudinal studies of this tool would be of interest.

Vernier acuity is a useful tool in the diagnosis and management of neuro-ophthalmic disorders. Development of commercial products, such as ForeseeHome, indicate a likelihood of increased uptake in clinical care in the future.
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FOOTNOTES

1
https://michaelbach.de/fract/

2
http://psychtoolbox.org/

3
https://www.psychopy.org/index.html

4
www.foreseehome.com


REFERENCES

Abbud, C. M., and Cruz, A. A. (2002). Variability of Vernier acuity measurements in untrained subjects of different ages. Braz. J. Med. Biol. Res. 35, 223–227. doi: 10.1590/s0100-879x2002000200011

Alexander, K. R., Derlacki, D. J., Fishman, G. A., and Szlyk, J. P. (1992). Grating, vernier, and letter acuity in retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 33, 3400–3406.

Almoqbel, F., Leat, S. J., and Irving, E. (2008). The technique, validity and clinical use of the sweep VEP. Ophthalmic Physiol. Opt. 28, 393–403. doi: 10.1111/j.1475-1313.2008.00591.x

Alster, Y., Bressler, N. M., Bressler, S. B., Brimacombe, J. A., Crompton, R. M., Duh, Y. J., et al. (2005). Preferential Hyperacuity Perimeter (PreView PHP) for detecting choroidal neovascularization study. Ophthalmology 112, 1758–1765. doi: 10.1016/j.ophtha.2005.06.008

Andersen, E. E., and Weymouth, F. W. (1923). Visual perception and the retinal mosaic. Am. J. Physiol.-Legacy Content 64, 561–594. doi: 10.1152/ajplegacy.1923.64.3.561

Anderson, C., Pahk, P., Blaha, G. R., Spindel, G. P., Alster, Y., Rafaeli, O., et al. (2009). Preferential Hyperacuity Perimetry to detect hydroxychloroquine retinal toxicity. Retina 29, 1188–1192. doi: 10.1097/iae.0b013e3181a3b8d4

AREDS Home Study Research Group, Chew, E. Y., Clemons, T. E., Bressler, S. B., Elman, M. J., Danis, R. P., et al. (2014). Randomized trial of a home monitoring system for early detection of choroidal neovascularization home monitoring of the Eye (HOME) study. Ophthalmology 121, 535–544. doi: 10.1016/j.ophtha.2013.10.027

Averill, H. L., and Weymouth, F. W. (1925). Visual perception and the retinal mosaic. II. The influence of eye-movements on the displacement threshold. J. Comparative Psychol. 5, 147–176. doi: 10.1037/h0072373

Banton, T., and Levi, D. M. (1991). Binocular summation in vernier acuity. J. Opt. Soc. Am. A 8, 673–680. doi: 10.1364/josaa.8.000673

Barzegaran, E., and Norcia, A. M. (2020). Neural sources of letter and Vernier acuity. Sci. Rep. 10:15449. doi: 10.1038/s41598-020-72370-3

Chen, J. S., and Adelman, R. A. (2016). Hyperacuity exam screens for choroidal neovascularization in age-related macular degeneration on a mobile device. Ophthalmic Surg. Lasers Imaging Retina 47, 708–715. doi: 10.3928/23258160-20160808-03

Chen, S. I., Norcia, A. M., Pettet, M. W., and Chandna, A. (2005). Measurement of position acuity in strabismus and amblyopia: specificity of the vernier VEP paradigm. Invest. Ophthalmol. Vis. Sci. 46, 4563–4570. doi: 10.1167/iovs.05-0792

Duncan, R. O., and Boynton, G. M. (2003). Cortical magnification within human primary visual cortex correlates with acuity thresholds. Neuron 38, 659–671. doi: 10.1016/s0896-6273(03)00265-4

Enoch, J. M., Williams, R. A., Essock, E. A., and Barricks, M. (1984b). Hyperacuity perimetry. Assessment of macular function through ocular opacities. Arch. Ophthalmol. 102, 1164–1168. doi: 10.1001/archopht.1984.01040030942019

Enoch, J. M., Essock, E. A., and Williams, R. A. (1984a). Relating vernier acuity and Snellen acuity in specific clinical populations. Doc Ophthalmol 58, 71–77. doi: 10.1007/bf00140901

Enoch, J. M., Williams, R. A., Essock, E. A., and Fendick, M. (1985). Chapter 3 Hyperacuity: a promising means of evaluating vision through cataract. Progr. Retinal Res. 4, 67–88. doi: 10.1016/0278-4327(85)90005-7

Essock, E. A., Enoch, J. M., Williams, R. A., Barricks, M., and Raphael, S. (1985). Joint application of hyperacuity perimetry and gap tests to assess visual function behind cataracts: initial trials. Doc. Ophthalmol. 60, 293–312. doi: 10.1007/bf00157828

Essock, E. A., Williams, R. A., Enoch, J. M., and Raphael, S. (1984). The effects of image degradation by cataract on vernier acuity. Invest. Ophthalmol. Vis. Sci. 25, 1043–1050.

Everatt, J., Bradshaw, M. F., and Hibbard, P. B. (1999). Visual processing and dyslexia. Perception 28, 243–254.

Faes, L., Bodmer, N. S., Bachmann, L. M., Thiel, M. A., and Schmid, M. K. (2014). Diagnostic accuracy of the Amsler grid and the preferential hyperacuity perimetry in the screening of patients with age-related macular degeneration: systematic review and meta-analysis. Eye (Lond) 28, 788–796. doi: 10.1038/eye.2014.104

Fahle, M., and Harris, J. P. (1998). The use of different orientation cues in vernier acuity. Percept. Psychophys. 60, 405–426. doi: 10.3758/bf03206863

Fine, A. M., Elman, M. J., Ebert, J. E., Prestia, P. A., Starr, J. S., and Fine, S. L. (1986). Earliest symptoms caused by neovascular membranes in the macula. Arch. Ophthalmol. 104, 513–514. doi: 10.1001/archopht.1986.01050160069013

Freundlieb, P. H., Herbik, A., Kramer, F. H., Bach, M., and Hoffmann, M. B. (2020). Determination of scotopic and photopic conventional visual acuity and hyperacuity. Graefes Arch. Clin. Exp. Ophthalmol. 258, 129–135. doi: 10.1007/s00417-019-04505-w

Garcia-Suarez, L., Barrett, B. T., and Pacey, I. (2004). A comparison of the effects of ageing upon vernier and bisection acuity. Vision Res. 44, 1039–1045. doi: 10.1016/j.visres.2003.11.018

Hering, E. (1899). Uber die grenzen der sehscharfe. Ber Math Phys. Classe Konig Sachs Ges Wiss (Leipzig) 20, 16–24.

Horton, J. C., and Hoyt, W. F. (1991). The representation of the visual field in human striate cortex. A revision of the classic Holmes map. Arch. Ophthalmol. 109, 816–824. doi: 10.1001/archopht.1991.01080060080030

Hou, C., Good, W. V., and Norcia, A. M. (2007). Validation study of VEP vernier acuity in normal-vision and amblyopic adults. Invest. Ophthalmol. Vis. Sci. 48, 4070–4078. doi: 10.1167/iovs.06-1368

Hou, C., Good, W. V., and Norcia, A. M. (2018). Detection of amblyopia using sweep VEP vernier and grating acuity. Invest. Ophthalmol. Vis. Sci. 59, 1435–1442. doi: 10.1167/iovs.17-23021

Hou, C., Kim, Y. J., and Verghese, P. (2017). Cortical sources of Vernier acuity in the human visual system: an EEG-source imaging study. J. Vis. 17:2. doi: 10.1167/17.6.2

Jolly, J. K., Gray, J. M., Salvetti, A. P., Han, R. C., and Maclaren, R. E. (2019). A randomized crossover study to assess the usability of two new vision tests in patients with low vision. Optom. Vis. Sci. 96, 443–452. doi: 10.1097/opx.0000000000001380

Jones, P. R., Campbell, P., Callaghan, T., Jones, L., Asfaw, D. S., Edgar, D. F., et al. (2021). Glaucoma home monitoring using a tablet-based visual field test (Eyecatcher): an assessment of accuracy and adherence over 6 months. Am. J. Ophthalmol. 223, 42–52. doi: 10.1016/j.ajo.2020.08.039

Keri, S., Benedek, G., and Janka, Z. (2007). Vernier threshold and the parallel visual pathways in bipolar disorder: a follow-up study. Prog. Neuropsychopharmacol. Biol. Psychiatry 31, 86–91. doi: 10.1016/j.pnpbp.2006.07.001

Keri, S., Kelemen, O., Benedek, G., and Janka, Z. (2004). Vernier threshold in patients with schizophrenia and in their unaffected siblings. Neuropsychology 18, 537–542. doi: 10.1037/0894-4105.18.3.537

Kim, E., Enoch, J. M., Fang, M. S., Lakshminarayanan, V., Kono, M., Strada, E., et al. (2000). Performance on the three-point Vernier alignment or acuity test as a function of age: measurement extended to ages 5 to 9 years. Optom. Vis. Sci. 77, 492–495. doi: 10.1097/00006324-200009000-00010

Kim, M., Yu, S. Y., and Kwak, H. W. (2014). Association between hyperacuity defects and retinal microstructure in polypoidal choroidal vasculopathy. Ind. J. Ophthalmol. 62, 702–706. doi: 10.4103/0301-4738.121132

Lakshminarayanan, V., Aziz, S., and Enoch, J. M. (1992). Variation of the hyperacuity gap function with age. Optom. Vis. Sci. 69, 423–426. doi: 10.1097/00006324-199206000-00002

Lange, C., Feltgen, N., Junker, B., Schulze-Bonsel, K., and Bach, M. (2009). Resolving the clinical acuity categories “hand motion” and “counting fingers” using the Freiburg Visual Acuity Test (FrACT). Graefes Arch. Clin. Exp. Ophthalmol. 247, 137–142. doi: 10.1007/s00417-008-0926-0

Latham, K., Chung, S. T., Allen, P. M., Tavassoli, T., and Baron-Cohen, S. (2013). Spatial localisation in autism: evidence for differences in early cortical visual processing. Mol. Autism 4:4. doi: 10.1186/2040-2392-4-4

Levi, D. M., and Klein, S. (1982). Hyperacuity and amblyopia. Nature 298, 268–270. doi: 10.1038/298268a0

Levi, D. M., Klein, S. A., and Aitsebaomo, A. P. (1985). Vernier acuity, crowding and cortical magnification. Vision Res. 25, 963–977. doi: 10.1016/0042-6989(85)90207-x

Levi, D. M., Mcgraw, P. V., and Klein, S. A. (2000). Vernier and contrast discrimination in central and peripheral vision. Vision Res. 40, 973–988. doi: 10.1016/s0042-6989(99)00225-4

Levi, D. M., Polat, U., and Hu, Y. S. (1997). Improvement in Vernier acuity in adults with amblyopia. Practice makes better. Invest. Ophthalmol. Vis. Sci. 38, 1493–1510.

Li, R. W., Brown, B., Edwards, M. H., Ngo, C. V., Chat, S. W., and Levi, D. M. (2012). Reduced sampling efficiency causes degraded Vernier hyperacuity with normal aging: vernier acuity in position noise. Sci. Rep. 2:300.

Li, R. W., Edwards, M. H., and Brown, B. (2000). Variation in vernier acuity with age. Vision Res. 40, 3775–3781. doi: 10.1016/s0042-6989(00)00212-1

Li, R. W., Edwards, M. H., and Brown, B. (2001). Variation in vernier evoked cortical potential with age. Invest. Ophthalmol. Vis. Sci. 42, 1119–1124.

Li, R. W., Klein, S. A., and Levi, D. M. (2008). Prolonged perceptual learning of positional acuity in adult amblyopia: perceptual template retuning dynamics. J. Neurosci. 28, 14223–14229. doi: 10.1523/jneurosci.4271-08.2008

Little, J. A., Woodhouse, J. M., Lauritzen, J. S., and Saunders, K. J. (2009). Vernier acuity in Down syndrome. Invest. Ophthalmol. Vis. Sci. 50, 567–572. doi: 10.1167/iovs.08-2250

Ludvigh, E., and McKinnon, P. (1967). The effect of orientation on the three-dot alignment test. Am. J. Ophthalmol. 64, 261–265. doi: 10.1016/0002-9394(67)92520-2

Manny, R. E., and Klein, S. A. (1984). The development of vernier acuity in infants. Curr. Eye Res. 3, 453–462. doi: 10.3109/02713688408997233

McKee, S. P., and Westheimer, G. (1978). Improvement in vernier acuity with practice. Percept. Psychophys. 24, 258–262. doi: 10.3758/bf03206097

McKendrick, A. M., Badcock, D. R., and Gurgone, M. (2006). Vernier acuity is normal in migraine, whereas global form and global motion perception are not. Invest. Ophthalmol. Vis. Sci. 47, 3213–3219. doi: 10.1167/iovs.05-1549

McKendrick, A. M., Johnson, C. A., Anderson, A. J., and Fortune, B. (2002). Elevated vernier acuity thresholds in glaucoma. Invest. Ophthalmol. Vis. Sci. 43, 1393–1399.

Meier, K., and Giaschi, D. (2017). Unilateral amblyopia affects two eyes: fellow eye deficits in amblyopia. Invest. Ophthalmol. Vis. Sci. 58, 1779–1800. doi: 10.1167/iovs.16-20964

Mussap, A. J., and Levi, D. M. (1995). Binocular processes in vernier acuity. J. Opt. Soc. Am. A Opt. Image Sci. Vis. 12, 225–233. doi: 10.1364/josaa.12.000225

Norcia, A. M., Wesemann, W., and Manny, R. E. (1999). Electrophysiological correlates of vernier and relative motion mechanisms in human visual cortex. Vis. Neurosci. 16, 1123–1131. doi: 10.1017/s0952523899166124

Odom, J. V., Vasquez, R. J., Schwartz, T. L., and Linberg, J. V. (1989). Adult vernier thresholds do not increase with age; vernier bias does. Invest. Ophthalmol. Vis. Sci. 30, 1004–1008.

Piltz, J. R., Swindale, N. V., and Drance, S. M. (1993). Vernier thresholds and alignment bias in control, suspect, and glaucomatous eyes. J. Glaucoma 2, 87–95.

Querques, G., Berboucha, E., Leveziel, N., Pece, A., and Souied, E. H. (2011). Preferential hyperacuity perimeter in assessing responsiveness to ranibizumab therapy for exudative age-related macular degeneration. Br. J. Ophthalmol. 95, 986–991. doi: 10.1136/bjo.2010.190942

Saarinen, J., and Levi, D. M. (1995). Orientation anisotropy in vernier acuity. Vision Res. 35, 2449–2461. doi: 10.1016/0042-6989(95)00001-1

Schmid, M. K., Faes, L., Bachmann, L. M., and Thiel, M. A. (2018). Accuracy of a self-monitoring test for identification and monitoring of age-related macular degeneration: a diagnostic case-control study. Open Ophthalmol. J. 12, 19–28. doi: 10.2174/1874364101812010019

Schwartz, R., and Loewenstein, A. (2015). Early detection of age related macular degeneration: current status. Int. J. Retina Vitreous 1:20. doi: 10.1186/s40942-015-0022-7

Shimojo, S., Birch, E. E., Gwiazda, J., and Held, R. (1984). Development of vernier acuity in infants. Vision Res. 24, 721–728. doi: 10.1016/0042-6989(84)90213-x

Skoczenski, A. M., and Good, W. V. (2004). Vernier acuity is selectively affected in infants and children with cortical visual impairment. Dev. Med. Child. Neurol. 46, 526–532. doi: 10.1111/j.1469-8749.2004.tb01010.x

Skoczenski, A. M., and Norcia, A. M. (1999). Development of VEP Vernier acuity and grating acuity in human infants. Invest. Ophthalmol. Vis. Sci. 40, 2411–2417.

Skottun, B. C., and Skoyles, J. R. (2010). On using Vernier acuity to assess magnocellular sensitivity. Brain Cogn. 72, 165–166. discussion 167-168, doi: 10.1016/j.bandc.2009.07.001

Strasburger, H., Huber, J., and Rose, D. (2018). Ewald Hering’s (1899) on the limits of visual acuity: a translation and commentary: with a supplement on alfred Volkmann’s (1863) physiological investigations in the field of optics. Iperception 9:2041669518763675. doi: 10.1177/2041669518763675

Sun, H., Cooper, B., and Lee, B. B. (2012). Luminance and chromatic contributions to a hyperacuity task: isolation by contrast polarity and target separation. Vision Res. 56, 28–37. doi: 10.1016/j.visres.2012.01.007

Swindale, N. V., and Cynader, M. S. (1986). Vernier acuity of neurones in cat visual cortex. Nature 319, 591–593. doi: 10.1038/319591a0

Tan, Y., Tong, X., Chen, W., Weng, X., He, S., and Zhao, J. (2018). Vernier but not grating acuity contributes to an early stage of visual word processing. Neurosci. Bull. 34, 517–526. doi: 10.1007/s12264-018-0220-z

Vesker, M., and Wilson, H. R. (2012). Face context advantage explained by vernier and separation discrimination acuity. Front. Psychol. 3:617. doi: 10.3389/fpsyg.2012.00617

Virsu, V., Nasanen, R., and Osmoviita, K. (1987). Cortical magnification and peripheral vision. J. Opt. Soc. Am. A 4, 1568–1578. doi: 10.1364/josaa.4.001568

Vogels, R., and Orban, G. A. (1990). How well do response changes of striate neurons signal differences in orientation: a study in the discriminating monkey. J. Neurosci. 10, 3543–3558. doi: 10.1523/jneurosci.10-11-03543.1990

Ward, E., Wickens, R. A., O’connell, A., Culliford, L. A., Rogers, C. A., Gidman, E. A., et al. (2021). Monitoring for neovascular age-related macular degeneration (AMD) reactivation at home: the MONARCH study. Eye (Lond) 35, 592–600. doi: 10.1038/s41433-020-0910-4

Watson, T., Orel-Bixler, D., and Haegerstrom-Portnoy, G. (2009). VEP vernier, VEP grating, and behavioral grating acuity in patients with cortical visual impairment. Optom. Vis. Sci. 86, 774–780. doi: 10.1097/opx.0b013e3181a59d2a

Waugh, S. J., and Levi, D. M. (1993b). Visibility, luminance and vernier acuity. Vision Res. 33, 527–538. doi: 10.1016/0042-6989(93)90256-v

Waugh, S. J., and Levi, D. M. (1993a). Visibility and vernier acuity for separated targets. Vision Res. 33, 539–552. doi: 10.1016/0042-6989(93)90257-w

Wehrhahn, C., and Westheimer, G. (1990). How vernier acuity depends on contrast. Exp. Brain Res. 80, 618–620.

Westheimer, G. (1975). Editorial: visual acuity and hyperacuity. Invest. Ophthalmol. 14, 570–572.

Westheimer, G. (1981). “Visual hyperacuity,” in Progress in Sensory Physiology, eds H. Autrum, E. R. Perl, R. F. Schmidt, and D. Ottoson (Berlin: Springer), 1–30. doi: 10.1007/978-3-642-66744-2_1

Westheimer, G. (1982). Do ocular-dominance columns set spatial limits for hyperacuity processing? Vision Res. 22, 1349–1352. doi: 10.1016/0042-6989(82)90224-3

Westheimer, G. (1987). Visual acuity and hyperacuity: resolution, localization, form. Am. J. Optom. Physiol. Opt. 64, 567–574. doi: 10.1097/00006324-198708000-00002

Westheimer, G. (2012). Optical superresolution and visual hyperacuity. Prog. Retin. Eye Res. 31, 467–480. doi: 10.1016/j.preteyeres.2012.05.001

Westheimer, G. (2018). Hering hermeneutics: supplement to translation and commentary of Hering (1899) by Strasburger et al. Iperception 9:2041669518815921.

Westheimer, G., and Hauske, G. (1975). Temporal and spatial interference with vernier acuity. Vision Res. 15, 1137–1141. doi: 10.1016/0042-6989(75)90012-7

Westheimer, G., and McKee, S. P. (1975). Visual acuity in the presence of retinal-image motion. J. Opt. Soc. Am. 65, 847–850. doi: 10.1364/josa.65.000847

Westheimer, G., and McKee, S. P. (1977b). Spatial configurations for visual hyperacuity. Vision Res. 17, 941–947. doi: 10.1016/0042-6989(77)90069-4

Westheimer, G., and McKee, S. P. (1977a). Integration regions for visual hyperacuity. Vision Res. 17, 89–93. doi: 10.1016/0042-6989(77)90206-1

Whitaker, D., Elliott, D. B., and Macveigh, D. (1992). Variations in hyperacuity performance with age. Ophthalmic. Physiol. Opt. 12, 29–32. doi: 10.1111/j.1475-1313.1992.tb00250.x

Williams, R. A., Enoch, J. M., and Essock, E. A. (1984). The resistance of selected hyperacuity configurations to retinal image degradation. Invest. Ophthalmol. Vis. Sci. 25, 389–399.

Wilson, H. R. (1991). Model of peripheral and amblyopic hyperacuity. Vision Res. 31, 967–982. doi: 10.1016/0042-6989(91)90204-i

Wong, A. M. (2012). New concepts concerning the neural mechanisms of amblyopia and their clinical implications. Can. J. Ophthalmol. 47, 399–409. doi: 10.1016/j.jcjo.2012.05.002

Yusuf, I. H., Foot, B., and Lotery, A. J. (2021). The Royal College of Ophthalmologists recommendations on monitoring for hydroxychloroquine and chloroquine users in the United Kingdom (2020 revision): executive summary. Eye (Lond) 35, 1532–1537. doi: 10.1038/s41433-020-01380-2

Zanker, J., Mohn, G., Weber, U., Zeitler-Driess, K., and Fahle, M. (1992). The development of vernier acuity in human infants. Vision Res. 32, 1557–1564. doi: 10.1016/0042-6989(92)90211-z


Author Disclaimer: The views expressed are those of the authors and not necessarily those of the NHS, or the funding agencies. The sponsor and funding organisation had no role in the design or conduct of this research.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hu, Ayton and Jolly. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 06 October 2021
doi: 10.3389/fnins.2021.745355





[image: image]

Patients Prefer a Virtual Reality Approach Over a Similarly Performing Screen-Based Approach for Continuous Oculomotor-Based Screening of Glaucomatous and Neuro-Ophthalmological Visual Field Defects
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Standard automated perimetry (SAP) is the gold standard for evaluating the presence of visual field defects (VFDs). Nevertheless, it has requirements such as prolonged attention, stable fixation, and a need for a motor response that limit application in various patient groups. Therefore, a novel approach using eye movements (EMs) – as a complementary technique to SAP – was developed and tested in clinical settings by our group. However, the original method uses a screen-based eye-tracker which still requires participants to keep their chin and head stable. Virtual reality (VR) has shown much promise in ophthalmic diagnostics – especially in terms of freedom of head movement and precise control over experimental settings, besides being portable. In this study, we set out to see if patients can be screened for VFDs based on their EM in a VR-based framework and if they are comparable to the screen-based eyetracker. Moreover, we wanted to know if this framework can provide an effective and enjoyable user experience (UX) compared to our previous approach and the conventional SAP. Therefore, we first modified our method and implemented it on a VR head-mounted device with built-in eye tracking. Subsequently, 15 controls naïve to SAP, 15 patients with a neuro-ophthalmological disorder, and 15 glaucoma patients performed three tasks in a counterbalanced manner: (1) a visual tracking task on the VR headset while their EM was recorded, (2) the preceding tracking task but on a conventional screen-based eye tracker, and (3) SAP. We then quantified the spatio-temporal properties (STP) of the EM of each group using a cross-correlogram analysis. Finally, we evaluated the human–computer interaction (HCI) aspects of the participants in the three methods using a user-experience questionnaire. We find that: (1) the VR framework can distinguish the participants according to their oculomotor characteristics; (2) the STP of the VR framework are similar to those from the screen-based eye tracker; and (3) participants from all the groups found the VR-screening test to be the most attractive. Thus, we conclude that the EM-based approach implemented in VR can be a user-friendly and portable companion to complement existing perimetric techniques in ophthalmic clinics.

Keywords: visual field defects, eye movements, virtual reality, cross-correlogram, perimetry, user experience, glaucoma, neuro-ophthalmology


INTRODUCTION

The measurement of visual fields through standard automated perimetry (SAP) is the cornerstone of diagnosing and assessing ocular disorders. However, the current techniques in SAP have requirements that limit application in specific patient groups. Firstly, SAP requires the patient to click a button within a short time on perceiving the stimulus. Secondly, they have to keep their eyes fixated on a central cross while the testing light is projected onto different parts of their visual field. Thirdly, SAP is cognitively demanding – there is a learning curve associated with the test (Wall et al., 2009), leading to unreliable results within (due to fatigue) and across tests, besides increasing the overall test duration (Montolio et al., 2012). Consequently, not all patient groups can perform SAP easily – for example, the elderly with slower reaction times (Johnson et al., 1988; Gangeddula et al., 2017), children who have shorter attention spans (Lakowski and Aspinall, 1969; Kirwan and O’keefe, 2006; Allen et al., 2012), and patient groups with fixation disorders (Ishiyama et al., 2014; Hirasawa et al., 2018). These issues render SAP ineffective in such groups and interfere with diagnosing the ocular disorder. Therefore, our group developed and clinically tested a novel approach (Grillini et al., 2018; Soans et al., 2021) to screen for visual field defects (VFDs) based on eye movements (EMs).

The method is based on analyzing a patient’s EM while performing a very simple task: tracking a blob that moves and jumps on a screen. The intuition behind this task is as follows: smoothly following the moving blob will be harder for someone with a VFD because depending on the depth of the defect, the blob can temporarily become less visible or even invisible when it falls within a scotoma. As a result, the participant can no longer track the stimulus and will need to make additional EMs to find the target again. This will take more time and result in an increased delay and larger spatial errors. Central and peripheral defects differentially affect this. Using simulations (Grillini et al., 2018) and measurements in actual patients (Soans et al., 2021), we have shown that the method works very well (VFD simulations: Accuracy = 90%, TPR = 98%; Patients: Accuracy = 94.5%, TPR = 96%). However, our new method still has some aspects that may limit its use. It requires a large and expensive screen-based eye-tracker and still requires participants to keep their chin and head stable. Virtual reality (VR) holds promise to overcome some of these limitations. It allows for free head movements in all directions and has an increased field of view (FOV). Moreover, VR devices are portable, relatively cheap and allow for precise control over experimental conditions (Scarfe and Glennerster, 2019).

However, we do not know how well a VR-based version would work in terms of performance and if patients would appreciate using a VR device. Therefore, in this study, we explored if patients can be screened for VFDs based on their EM in a VR-based framework. Moreover, testing the human–computer interaction (HCI) aspects of this approach was another of our key goals. Consequently, we wanted to know if our VR-based framework can provide an effective and enjoyable user experience (UX) compared to our previous approach on the screen-based eye tracker and conventional SAP.



MATERIALS AND METHODS


Participants

Fifteen patients with glaucoma, 17 patients with a neuro-ophthalmic disorder, and 21 controls volunteered to participate. All patients were recruited from the All India Institute of Medical Sciences – Delhi (AIIMS), New Delhi, India. The patients were required to have stable visual fields and have a best-corrected visual acuity (BCVA) of 6/36 or better. The control group was required to have a BCVA of 6/9 (0.67 or ≤0.17 logMAR) or better in both eyes. Participants with amblyopia, nystagmus, and strabismus were excluded from the present study. We also excluded participants with any conditions that affected the extraocular muscles as the limited range of their EMs could confound the results of our present paradigm. For the performance analysis, two participants with a neuro-ophthalmic disorder and six control participants were excluded because of poor eye-tracking data either in the VR or the screen-based eye tracker setup. However, all 53 participants were included in the UX analysis. Table 1 shows the demographics of the included participants for the performance analysis of the study. All participants gave their written informed consent before participation. The study was approved by the ethics board of AIIMS and the Indian Institute of Technology – Delhi (IITD). The study adhered to the tenets of the Declaration of Helsinki.


TABLE 1. Demographics and clinical characteristics of the participants.
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Experimental Setups

The BCVA of the participants were first refracted using a Snellen chart with optimal correction for viewing distance. Table 1 shows the BCVA (in decimal units) for all three groups. Next, the participants were assigned to three different experimental setups in a counterbalanced manner. Below, we explain these setups in more detail.


Standard Automated Perimetry

A visual field assessment was performed for each eye (monocularly) on the Humphrey Field Analyzer (HFA) 3 – Model 860 (Carl Zeiss Meditec, Jena, Germany). A Goldmann III stimulus and the Swedish Interactive Threshold Algorithm Fast (SITA-Fast) was used in the assessment. Moreover, we used the 30-2 grid, i.e., a large FOV, to better evaluate and characterize the VFD. The different types of VFD observed and evaluated by SAP in the neuro-ophthalmic and glaucoma patient groups can be seen in Supplementary Tables 1, 2. The severity of the VFD was categorized according to the Hodapp–Parrish–Anderson classification (Hodapp et al., 1993) of the worse eye. The neuro-ophthalmic disorder group had six early-stage, four moderate, two advanced and three severe patients. The glaucoma group had five early-stage, eight moderate, one advanced, and one severe patient.



The Screen-Based Eye Tracker Setup

Here, we use the Tobii T120 (Tobii Technology, Stockholm, Sweden) screen-based eye tracker (size: 33.5 cm × 28 cm). The gaze positions were acquired at a sampling frequency of 120 Hz, downsampled to 60 Hz to match the refresh rate of the built-in screen. A 5-point custom-made calibration routine was performed before each experimental session. A session would be allowed to begin if the average error of the calibration was within 1° of visual angle as long as the maximum error was below 2.5°. A chin-rest was placed at a distance of 60 cm from the eye tracker to minimize head movements. We also used a Tobii infrared-transparent occluder so that the task could be done monocularly without hindering the eyetracker’s ability to monitor the gaze positions. The stimulus and experiment were designed with custom made scripts in MATLAB R2018b using the Psychtoolbox (Brainard, 1997; Pelli, 1997) and the Tobii Pro Software Development Kit (SDK) (Tobii, Stockholm, Sweden).



The Virtual Reality Setup

The FOVE0 (Fove Inc., Tokyo, Japan) VR head-mounted device (HMD) was used, which has a resolution of 2560 × 1440 pixels split across the two eyes. The HMD also has built-in eye-tracking capabilities – a stereo infra-red system with a tracking accuracy of less than 1° of visual angle error. The gaze positions were acquired at 120 Hz, downsampled to 70 Hz to match the refresh rate of the HMD screen. The FOVE does not include optical correction at present, but it can perform six-DOF head position and orientation tracking. However, we disabled its rendering such that the participant is afforded an experience similar to that of placing their forehead on a chin-rest. A “smooth pursuit” calibration procedure provided by FOVE wherein the participant has to look at a green dot moving in a circle was performed before the start of each experimental session. The calibration was deemed to be successful if the average error was within 1.15° of visual angle. The VR scene consisted of two virtual cameras placed at a distance of 6.4 cm (equivalent to interocular distance), and the virtual screen size was 100 cm × 60 cm. Either of the virtual cameras could be disabled so that the task could be done monocularly. The device was connected to a laptop with the following specifications: Dell Alienware m15-R3 with Nvidia RTX 2070 graphics card (8 GB video memory), 16 GB RAM, Intel Core i7-10750H 2.5 GHz processor, and Windows 10–64 bit operating system. The scripts to create the VR environment, render the tasks, and collect the eye-tracking data were programmed through C#, Unity 2017, and the FOVE SDK.



The Stimulus and Tracking Task

The stimulus in both the VR and screen-based eye-tracking setups consisted of a Gaussian luminance blob of 0.43° placed at a virtual distance of 135 cm (from the center of the two cameras in VR) and 60 cm (by the chin-rest for the screen-based eye tracker) – so as to correspond to the Goldmann size III stimulus. The blob had a luminance of ∼165 cd/m2 on a uniform gray background (∼150 cd/m2). The blob moved according to a Gaussian random walk in two different modes: (1) a “smooth” mode where the blob moved continuously in the random walk or (2) a “displaced” mode where the blob made a sudden jump to a new location in the screen every 2 s. The participants were asked to follow the moving blob and were told to blink naturally as and when required. Each trial lasted for 20 s each, and there were six such trials, amounting to a total test time of about 5 min, including calibration and resting breaks.



Eye-Tracking Data Preprocessing and Spatio-Temporal Properties

In both the VR and screen-based eyetracker, we first obtain the gaze positions in terms of screen coordinates which is then converted into visual field coordinates. Subsequently, the gaze data is corrected for blinks according to a custom algorithm (Soans et al., 2021; see Supplementary Material for description). Owing to differences in the sampling rate and the physical screen size of the devices, we use empirically determined spike thresholds of 60°/s and 190°/s in the vertical gaze velocity components of the FOVE and the Tobii gaze data, respectively. A particular trial is excluded if more than 33% of its total duration consists of data loss by either blinks or missing data.

Once we have the blink-filtered eye-tracking data, we quantify the spatio-temporal properties (STP) of EM using the eye movement correlogram (EMC) analysis (Mulligan et al., 2013). The EMC is an analytical technique that can be used to quantify both temporal and spatial relationships between the time series of a set of stimuli and their corresponding responses. The analysis provides three types of STP:


(1)Temporal properties (Bonnen et al., 2015): These include cross-correlograms (CCGs) that yield four properties (CCG Amplitude, CCG Mean, CCG Standard Deviation, and CCG variance explained) for the horizontal and vertical components of the eye positions, respectively. These properties are reflective of temporal correlation between the stimuli and response, smooth pursuit latency, temporal uncertainty, and resemblance of the tracking performance to a Gaussian distribution, respectively.

(2)Spatial properties (Grillini et al., 2018; Soans et al., 2021): These include positional error distributions (PEDs) that yield additional four properties (PED Amplitude, PED Mean, PED Standard Deviation, and PED variance explained) for the horizontal and vertical components of the eye positions, respectively. These properties indicate the most frequently observed positional error, spatial offset, spatial uncertainty, and the resemblance of the PED to a Gaussian distribution, respectively.

(3)Integrated properties (Grillini et al., 2018; Soans et al., 2021): These two properties (Cosine similarity and Observation noise variance) incorporate both the spatial deviations and the temporal delays in the stimulus and response time series.



A full description of the STP, including the range of values each can take, is provided in Supplementary Table 3. In total, we end up with 80 features for each participant [10 STP × 2 modes (smooth and displaced) × 2 components (horizontal and vertical) × 2 eyes].



Spatio-Temporal Properties Analysis

Our goal here was twofold: (1) to see if the VR framework could distinguish between the three clinical groups and (2) if the STP obtained in the VR framework was similar to those obtained from the screen-based eye tracker. To this end, we first performed a principal component analysis (PCA) on the centered and scaled 80 features of every participant in both the frameworks to remove redundant features. Next, we retained the components that together have an explained variance of at least 95%. Then, we performed k-means clustering to identify the different clusters pertaining to the clinical groups. After that, we used the Silhouette criterion (Rousseeuw, 1987) to choose the optimum number of clusters. Finally, to compare the STPs obtained from the VR framework and those from the screen-based eye tracker, we first visualized the correlations between three key STPs (Soans et al., 2021) using scatter plots. Subsequently, we computed the pairwise correlation coefficients between each pair of the 80 STPs in the FOVE and Tobii gaze data. We then report on the number of STPs that had significant correlation between the two devices.



User-Experience Questionnaire


Statements and Dimensions

Our second goal was to test out the HCI aspects of the three setups. Therefore, we prepared a User Experience Questionnaire (UEQ) that incorporated six dimensions, namely: Competence, Perspicuity, Immersion, Comfort, Aesthetics, and Attractiveness. These dimensions were borrowed and adapted to our study from the standard UEQ (Schrepp et al., 2014) and the Game Experience Questionnaire (GEQ) (IJsselsteijn et al., 2013). In the Competence dimension, the statement was: “I found the test easy to perform.” For the Perspicuity dimension – which evaluates the clarity of the test instructions, the statement was: “I understood the test instructions clearly.” Likewise, the Immersion dimension evaluates the sensory and cognitive load of the participant with the statement: “It was easy to focus on the given task.” In the Comfort dimension, the statement was designed to evaluate post-test fatigue with: “I felt comfortable during the task (physical or otherwise).” In the Aesthetics dimension, the statement was: “Overall, I found the test enjoyable.” Finally, the Attractiveness dimension evaluated the overall impression of the test setup with the statement: “Please rank the tests from most attractive to least attractive.” A true-translation copy of the questionnaire in Hindi – the local language in New Delhi – was also provided to the participant when required. Table 2 shows the English questionnaire.


TABLE 2. The UEQ statements for the three setups.
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Scales and Statistical Analysis

The first five dimensions of our UEQ were rated on a 5-point Likert scale of 1 (strongly disagree), 2 (disagree), 3 (neutral), 4 (agree), and 5 (strongly agree). The participants’ response in these dimensions across the three setups was evaluated using a non-parametric Friedman’s test. The exact method was used to compute the p-values, and Kendall’s coefficient of concordance (W) was used to estimate the effect sizes. Cohen’s guidelines were used for the interpretation of the effect sizes (<0.2: no effect, 0.2–0.5: small-to-medium effect, 0.5–0.8: medium-to-large effect, and >0.8: large effect) (Cohen, 2013). Post hoc analyses using Wilcoxon signed-rank tests were conducted to compare two modalities directly (see section “Discussion” and Supplementary Table 4). These post hoc tests were corrected for multiple comparisons through Bonferroni’s correction for each dimension. The statistical analyses were done using SPSS (Version 26.0; Armonk, NY, United States: IBM Corp.). For the sixth dimension, participants had to rank the three tests from 1 (most attractive), 2 (attractive), and 3 (least attractive). The results for this dimension are described as stacked bar plots.



RESULTS

To summarize the results, the VR framework shows that neuro-ophthalmic patients had the highest average smooth pursuit latency compared to the glaucoma patients and controls. Moreover, these patients showed higher spatial and temporal uncertainties in both the “smooth” and “displaced” modes of the experiment. The framework also shows that glaucoma patients had a higher average latency than the other groups in the “displaced” mode of the experiment. Furthermore, the VR framework is able to distinguish the three participant groups based on the STP of their EM. Finally, participants from all groups rated the VR setup significantly higher than the screen-based eye tracker and SAP across the UX dimensions. We describe these results in more detail below.


Spatio-Temporal Properties of Eye Movement in the Three Groups

The demographic information of the three groups is summarized in Table 1. Figure 1 shows the EM recorded for a single trial by the VR device in a healthy participant. The blob positions are shown in blue, while the gaze positions are shown in red. The left panel of the figure depicts the horizontal positional components of the blob and gaze positions, while the right panel depicts the corresponding vertical components. The overlap between the two time-series signals conveys that the participant is able to follow the moving blob in both modes of the experiment with ease.
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FIGURE 1. Plots of a single trial of a healthy participant in the “smooth” (A,B) and the “displaced” mode (C,D).


First, we describe the results of three key STPs (Soans et al., 2021), i.e., temporal lag, temporal uncertainty, and spatial uncertainty in EM made by the three clinical groups in the VR device. Figure 2 shows the group means and the 95% confidence intervals for these features. These aspects are captured by the temporal features CCG Mean, CCG Standard Deviation, and the spatial feature PED Standard Deviation, respectively, in our STP feature list. Statistically significant differences were observed between the means of temporal lag for the three clinical groups as determined by a one-way MANOVA [F(8,78) = 22.05, p < 0.05; Wilk’s Λ = 0.09, partial η2 = 0.69]. Post hoc analyses using Tukey’s HSD test were conducted to compare the means of temporal lag between the clinical groups. Here, we observe that when the luminance blob moved smoothly, the neuro-ophthalmic patients had the highest temporal lag (Mean: [0.29, 0.31] seconds; p < 0.05) across the horizontal and vertical gaze components, respectively. The glaucoma patients had a temporal lag much lower than the neuro-ophthalmic group (Mean: [0.17, 0.23] seconds; p < 0.05) but similar to controls (Mean: [0.15, 0.18] seconds; glaucoma vs. controls, p = 0.57). In contrast, in the “displaced mode,” i.e., when the blob jumped every 2 s, the glaucoma group had the highest lag of all the groups (Mean: [0.34, 0.36] seconds) as compared to the neuro-ophthalmic patients (Mean: [0.31, 0.34] seconds) and controls (Mean: [0.20, 0.21] seconds; p < 0.05). However, no statistically significant difference (p = 0.42) was observed between the means of temporal lag for the glaucoma and the neuro-ophthalmic patient group in the “displaced” mode.
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FIGURE 2. The group means and the corresponding 95% confidence intervals of the temporal lag (A,B), temporal uncertainty (C,D) and spatial uncertainty (E,F) in both the modes and across the two positional components for the three groups. The values are obtained from the STPs CCG Mean, CCG Standard Deviation, and PED Standard Deviation, respectively (see section “Eye-Tracking Data Preprocessing and Spatio-Temporal Properties” and Supplementary Table 3).


In terms of temporal uncertainty, statistically significant differences were observed between the means of the three groups {one-way MANOVA [F(8,78) = 15.06, p < 0.05; Wilk’s Λ = 0.15, partial η2 = 0.6]}. For the “smooth mode,” the neuro-ophthalmic group had again the highest uncertainty (Mean: [0.29, 0.28] seconds). However, the uncertainty in the glaucoma group (Mean: [0.24, 0.21] seconds) was no longer similar to the controls (Mean: [0.21, 0.18] seconds). In the “displaced” mode, the glaucoma group continues to have the highest uncertainty (Mean: [0.28, 0.27] seconds) followed by the neuro-ophthalmic group (Mean: [0.23, 0.23] seconds) and controls (Mean: [0.20, 0.19] seconds). All the differences between the mean temporal uncertainties of the three groups in the post hoc analyses (Tukey’s HSD) were statistically significant except for: (1) the horizontal gaze components of the control vs. glaucoma groups in the “smooth” mode (p = 0.12) and (2) the horizontal gaze components of the control vs. neuro-ophthalmic groups in the “displaced” mode (p = 0.07).

The three clinical groups behave differently in terms of spatial uncertainty. Statistically significant differences were observed between the mean values of the spatial uncertainties in the three groups {one-way MANOVA [F(8,78) = 15.62, p < 0.05; Wilk’s Λ = 0.14, partial η2 = 0.61]}. The neuro-ophthalmic group has a significant overlap between its values in both the modes, i.e., “smooth” mode – (Mean: [5.76°, 4.51°] of deviation in visual angle) and “displaced” mode – (Mean: [6.62°, 5.07°]). On the other hand, the uncertainties of the glaucoma group overlap with those of the neuro-ophthalmic group in the “displaced mode” – (Mean: [6.14°, 5.59°]) but are distinct from the latter in the “smooth” mode (Mean: [3.93°, 3.75°]). Finally, the controls have the lowest spatial uncertainty in both the “smooth” (Mean: [2.77°, 2.44°]) and the “displaced” modes (Mean: [3.33°, 3.09°]). All the mean values of spatial uncertainty between the three groups in the post hoc analyses (Tukey’s HSD) were statistically significant except for the horizontal and vertical gaze components of the neuro-ophthalmic vs. glaucoma groups in the “displaced” mode (p = 0.6 and p = 0.4), respectively. For a detailed comparison of these features (including the 95% confidence intervals), see Supplementary Table 5).



Separation of the Clinical Groups Based on Spatio-Temporal Properties

Next, we were interested in knowing if the VR framework could separate the clinical groups of individual patients based on their EM. Therefore, a PCA was performed on the 80 STP of every subject. The data was centered, standardized, and the STP were weighted by the inverse of their sample variance to account for different ranges (see Supplementary Table 3 for individual ranges). Figure 3 shows the results. The analysis revealed that five components together explained at least 95% of the variance (see Figure 3A). These five components were then used for subsequent k-means clustering. The optimal number of clusters to represent the data using the Silhouette evaluation was found to be three (Figure 3B) – equal to the number of clinical groups. The results of k-means clustering for the VR setup is shown in Table 3.
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FIGURE 3. Results of clustering analysis in the VR and the screen-based eye tracker setup. (A,C) PCA analysis on the VR and the screen-based eye tracker gaze data indicating the number of components that together explained at least 95% of the variance in the STP features, respectively. A k-means clustering was then performed on this PCA-reduced data. (B,D) Evaluation of the optimal number of clusters for the VR and screen-based eye tracker setup using the Silhouette technique.



TABLE 3. Confusion matrix for the clustering analysis on the gaze data from the VR device.
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Comparison of the Virtual Reality Framework to Screen-Based Eye Tracker in Terms of Spatio-Temporal Properties

Subsequently, we were interested to know whether the separation of the clinical groups in terms of STP by the VR framework was similar to that by the Tobii eye tracker. Therefore, we repeated the steps outlined in the preceding section on the gaze data of the screen-based eye tracker as well. The result of k-means clustering on the gaze data of the Tobii eye tracker is shown in Table 4. Here, 10 components were sufficient to explain 95% of the variance in the data, and the Silhouette evaluation resulted in choosing three as the number of optimal clusters (see Figures 3C,D).


TABLE 4. Confusion matrix for the clustering analysis on the gaze data from the screen-based eye tracker.

[image: Table 4]Tables 3, 4 show the confusion matrices for the k-means clustering results for the VR-based and the screen-based eye-tracker gaze data, respectively. All controls were correctly classified in the VR framework, and the clustering resulted in a single false positive for the neuro-ophthalmic group. The groupings based on the screen-based eye tracking, however, was much less coherent. Although all controls were still correctly classified, the control and the neuro-ophthalmic group overlapped with three participants and a single participant from the glaucoma group, respectively.

Following this, we wanted to test the stability of STPs in both modalities. Therefore, we first visualized the relationship between three key STPs: Temporal Lag, Temporal Uncertainty, and Spatial Uncertainty derived from participants’ gaze data in the VR framework and the screen-based eye tracker. Figure 4 shows the scatter plots for these STPs in both the “smooth” and the “displaced” modes of the visual tracking task.
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FIGURE 4. The scatter plots of the temporal lag (A,B), temporal uncertainty (C,D) and spatial uncertainty (E,F) features obtained for both the experimental modes through VR and the screen-based eye tracker. For simplicity, only the horizontal components are shown.


Subsequently, we examined the overall relationship between the STPs in both the setups by computing the pairwise correlation coefficients between each pair of the 80 STPs in the FOVE and Tobii gaze data. Figure 5 shows the distribution of the pairwise correlation coefficients of the 80 STPs across the two setups. The histogram is unimodal and centered around a “moderately” positive correlation coefficient of 0.4 ± 0.24. Fifty-three of these 80 STPs (about 67%) were found to be significantly correlated across the setups (H0: the pairwise correlation coefficient is not significantly different from zero; rejected at p < 0.05). These significant STPs are listed in Supplementary Table 6.
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FIGURE 5. The histogram of correlation coefficients between the 80 STPs of the VR and the eye tracker setups. The unimodal histogram is centered around 0.4 ± 0.24. Fifty-three of the total 80 STPs were found to be significantly correlated across the two setups (see Supplementary Table 6).




Evaluation of the User Experience Questionnaire

Finally, we used the non-parametric Friedman’s test to evaluate the ratings provided by participants from each group and for the first five dimensions of the UEQ. Table 5 shows the results. Statistically significant results were observed for the scores of these dimensions and in each participant group except for Perspicuity (all groups) and Comfort (neuro-ophthalmic; p = 0.309). Post hoc analyses using the Wilcoxon signed-rank test were conducted to compare two modalities within a participant group and a UEQ dimension (see section “Discussion” and Supplementary Material). These tests were corrected for multiple comparisons through Bonferroni’s correction. Still, we note that the statistical results of these additional comparisons could possibly be affected by circularity in the post hoc analyses (Kriegeskorte et al., 2009). Figure 6 shows the stacked plots for the sixth dimension – Attractiveness. Of the total 53 participants, 47 found the VR setup to be the most attractive of the three modalities. The screen-based eye tracker was judged to be the second most attractive, with 42 participants ranking it second and 10 ranking it third. The conventional SAP was found to be the least attractive, with only 5 participants ranking it as their preferred choice, 7 as second best, and 41 of them relegating it to be the least preferred of the screening modalities.


TABLE 5. The mean scores, results of Friedman’s test and the corresponding effect sizes on the ratings provided by the participants in each clinical group for each modality and the first five dimensions of the UEQ.
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FIGURE 6. Preferred ranks for the three modalities (A: VR, B: Screen-based eyetracker, C: SAP) in the Attractiveness dimension of the UEQ. Forty-seven (including 17/21 controls, 15/15 glaucoma patients and 15/17 neuro-ophthalmic patients) of the total 53 participants rated the VR setup as the most attractive compared to only 5 (four controls and a neuro-ophthalmic patient) for the conventional SAP.




DISCUSSION

The main findings of the present study are that: (1) A VR device with built-in eye tracking is able to identify and distinguish patients with glaucomatous and neuro-ophthalmic VFD from controls based on their oculomotor characteristics. (2) The STPs obtained through our method is similar across the screen-based eye tracker and the VR setups, with the latter performing better. (3) Participants in each group prefer the VR setup in almost all the dimensions of UX. This would result in a quick, enjoyable, and effective way to screen for VFDs. Below, we discuss these findings in more detail.


The Virtual Reality Framework Is Able to Identify Clinical Groups

Our primary objective was to explore if our new method deployed in a VR device could be used as an effective screening tool that can be applied to a fairly heterogeneous set of patients. Therefore, our cohort of participants included variegated types of VFDs within the neuro-ophthalmic and glaucoma group (see Supplementary Tables 1, 2). Despite this variance, the VR framework was successfully able to capture the oculomotor characteristics of the patients. The rationale behind the framework is simple – the presence of a VFD decreases a participant’s visual sensitivity, which in turn affects their pursuit performance. Moreover, if the participant cannot track a stimulus due to a VFD impairing their view of it, they must search for it, resulting in increased spatial errors. Together, these aspects alter the spatial and temporal parameters of the STP.

Figure 2 sums up the key oculomotor characteristics of the participant groups. The neuro-ophthalmic group exhibit slow performance during smooth pursuit (mean temporal lag is the highest – Figures 2A,B) and are rather inconsistent in their ability to track the smoothly moving stimulus [both the mean temporal and spatial uncertainty values are high – Figures 2C–F)]. This behavior agrees with the literature, with reduced visual sensitivity, increased response times and a limited “useful field of view” being observed in response to random transient signals in a group of hemianopic patients (Rizzo and Robin, 1996). Moreover, patients with cerebral lesions are known to have deficits in smooth pursuit as the target stimuli move toward the site of lesion (Thurston et al., 1988; Heide et al., 1996). This pattern of higher temporal lag and uncertainty continues in the “displaced” mode as well, i.e., when the luminance blob moved to a random location every 2 s. However, there is an intriguing pattern within the neuro-ophthalmic group, i.e., their temporal uncertainties in the “displaced” mode are lower than those in the “smooth” mode even though one would expect the opposite. A predictive visual search strategy by the participants may have contributed to this result. Meienberg et al. (1981) showed that hemianopic patients in a visual search task (over a period of repeated trials) start expecting that the target will appear in random locations. Consequently, they adopt a strategy of making a series of small saccades followed by an overshoot until the target is found. We also observed this pattern visually (see Supplementary Figure 1 for an example) but could not quantify the associated saccade dynamics owing to the relatively lower sampling frequencies of gaze data in both frameworks. Nevertheless, our group of neuro-ophthalmic patients had higher temporal lags and spatio-temporal latencies than controls (see Figures 2A,B). Numerous studies have shown that patients with neuro-ophthalmic VFD have prolonged latencies compared to controls in response to moving or stationary targets – often in the range of 20–100 ms more than controls (Sharpe et al., 1979; Meienberg et al., 1981; Traccis et al., 1991; Rizzo and Robin, 1996; Barton and Sharpe, 1998; Fayel et al., 2014). Our group has previously shown through simulations (Grillini et al., 2018; Gestefeld et al., 2020) and in actual patients (Soans et al., 2021) that this is indeed the case.

For the glaucoma group, the VR framework brings out some interesting oculomotor characteristics as well. When the luminance target stimulus moved smoothly, the glaucoma patients, while slower than controls, were much quicker than the neuro-ophthalmic group (see Figures 2A,B). This is because patients having glaucomatous VFD can usually perform smooth pursuit as their foveal vision is primarily intact. However, a closer look at Figures 2A–D reveals an interesting finding. While the glaucoma group had relatively low values for the temporal lag property in the “smooth” mode, their temporal uncertainty increases significantly (the error bars for glaucoma and the control group do not overlap in Figures 2C,D). This could be due to patients requiring integration on large spatio-temporal scales in addition to the decreased motion sensitivity typically observed in glaucoma (Shabana et al., 2003; Lamirel et al., 2014), which ultimately would lead to longer integration times in tracking the stimulus. In the “displaced mode,” the interpretations of our results are rather straightforward, with higher lags and spatio-temporal uncertainties being observed. This is because glaucoma patients exhibit peripheral visual field loss (PVFL) and are expected to make spatial errors and take more time as they make saccades to keep track of the randomly jumping blob. Although patients with PVFL do not show systematic changes in the duration of saccades and fixations compared to controls in visual search tasks that involve stationary targets (Luo et al., 2008; Wiecek et al., 2012), the EM behavior is different in the context of dynamic scenes. Studies involving dynamic movies of road traffic scenes showed that glaucoma patients made more saccades and fixations than controls (Crabb et al., 2010) and that it is possible to differentiate people with glaucomatous VFD from those with no VFD (Crabb et al., 2014). Moreover, glaucoma patients with different severity of VFD (early, moderate, and advanced) were observed to have a lower mean saccade velocity (Najjar et al., 2017) and significant delays in saccadic EMs when targets were presented in the peripheral regions (Kanjee et al., 2012).



The Virtual Reality Framework Potentially Performs Better Than the Screen-Based Eye Tracker in Distinguishing Patient Groups

After identifying the patients’ oculomotor characteristics, a natural line of thought would be to see if the VR framework can classify them into one of the clinical groups. However, the number of participants in our study was relatively small (for machine-learning approaches). Therefore, we decided to use an unsupervised clustering technique, i.e., k-means clustering, even though we could label participants based on clinical investigations. Moreover, our aim at present was to see if the VR framework was able to at least distinguish between the different participant groups. Another concern when we started exploring the VR device as a potential tool for screening VFD was the fact that the FOVE had lower eye-tracking accuracy (Error <1° of visual angle) as compared to the Tobii T120 (Error <0.5° of visual angle). Despite leaps and bounds being made in HMD eye tracking technology (Clay et al., 2019), they are understandably inferior in terms of tech specifications to research-grade eye trackers. However, our choice of HMD for the VR framework eventually proved to be reasonable – Stein et al. (2021) showed that the FOVE had the lowest latency among a group of HMDs with built-in eye tracking.

In fact, we find that the key STPs across the two modalities are fairly stable (see scatter plots in Figure 4), which prompted us to investigate further the relationship between the entire set of STPs in the two setups. This is also encouraging considering the fact that participants viewed two different sets of random walks in the two setups. Moreover, the Silhouette evaluation returning the optimal number clusters to be 3 in both modalities confirms that there were indeed three separate groups of participants. These observations show that the VR device is comparable to the screen-based eye tracker in terms of capturing the STP of EM in the clinical groups.

Furthermore, our results show that the VR framework outperforms the screen-based eye tracker. Remarkably, there was only a single misclassification at the end of the clustering analysis in the VR approach compared to five in the eye tracker (see Tables 3, 4). This is despite the fact that the entire FOV of the VR device was not used to present stimuli (to keep a fair comparison with the limited FOV of the screen-based eye tracker – see section “Limitations and Future Directions”). Our results also indicate that the STPs of EM in the screen-based eye tracker were on the noisier side. The PCA analysis required 10 components to explain 95% variance in this data compared to only 5 for the VR framework (see Figures 3A,C). We think that this additional noise may be due to the Tobii infrared-transparent occluder as it acts as an additional physical barrier between the screen of the eyetracker and the participant. Moreover, we had noticed that calibration in the screen-based eye tracker sometimes took longer due to the positioning of the occluder.



Virtual Reality Is Preferred Across All Aspects of the User Experience Questionnaire

Despite SAP techniques possessing advantages such as a wealth of normative data, testing multiple field locations with different luminance thresholds, they are still very much operator dependent. Moreover, they are expensive and bulky – often limited to major ophthalmic and tertiary care centers. These limitations of SAP have been studied in glaucoma (Glen et al., 2014) and neuro-ophthalmic case findings (Szatmáry et al., 2002). Consequently, approaches using eye-movements (Murray et al., 2009; Mazumdar et al., 2014; Leitner et al., 2021b; Mao et al., 2021; Soans et al., 2021; Tatham et al., 2021) including tablet-based (Jones et al., 2019, 2021) and VR perimetry techniques (Deiner et al., 2020; Leitner and Hawelka, 2021; Leitner et al., 2021a; Narang et al., 2021; Razeghinejad et al., 2021) have been developed.

Our results show that participants overwhelmingly preferred the FOVE compared to the Tobii eye-tracker and the conventional SAP (statistically significant results were observed for all dimensions of the UEQ except for Perspicuity – see Table 5). Although the patient group was expected to rate the Perspicuity dimension high for SAP as they have prior experience in performing the test, it was encouraging to see that the control group naïve to all modalities reported high scores in terms of understanding the test instructions well (hence, no significant difference in Perspicuity). Since the Friedman’s test is essentially an omnibus test, we wanted to look further into which modalities, in particular, differed from each other. Therefore, post hoc analyses using Wilcoxon signed-rank tests were performed. In three of the five dimensions (Competence, Immersion, and Aesthetics), statistically significant differences (corrected for multiple comparisons in each dimension) were seen between the VR framework and the conventional SAP in all the clinical groups (see Supplementary Table 4). Interestingly, no significant differences were found for the Comfort dimension in the Friedman’s test for the neuro-ophthalmic group even though the significant differences were observed for the other two groups. The post hoc analysis, however, does not show significant differences for this dimension. Overall, however, participants clearly prefer the VR device (see Attractiveness dimension – Figure 6). This is in line with studies that have shown that SAP has been quite unpopular among patient groups (Gardiner and Demirel, 2008; Chew et al., 2016; McTrusty et al., 2017). These findings are significant as it gives credibility to the FOVE as an effective and enjoyable screening tool.



Limitations and Future Directions

There are some limitations to our present study. We had fewer participants than the number of STP (45 participants vs. 80 STP). Therefore, we had to resort to dimensionality reduction and subsequent unsupervised clustering approaches instead of a more direct supervised learning technique. Another limitation is that the random walks of the luminance blob are currently restricted in its spatial range (±15° horizontal and vertical) even though the FOVE supports up to 100° field-of-view. This was done to keep a fair comparison between the approaches in the VR device and the screen-based eye tracker – the latter having an eye-tracking range of only 35° owing to its hardware structure. Although our current results indicate that the present spatial range is sufficient to form coherent clusters of patients and controls, it is quite possible that many individuals – for example, patients with PVFL having a localized scotoma in the far periphery will be missed.

Therefore, future directions should include several improvements that can be built based on the present work. Besides extending the spatial ranges of the stimuli to cover most of the visual field, it would also be helpful to look into STP patterns for homogenous types of VFD such that clinically useful field charts can be generated for the ophthalmologist. At present, we cannot yet make a direct comparison between the STP of a participant and the visual field chart obtained from SAP (which is why SAP is compared only in terms of UX in our study). Another area of active research is to make use of real-time head-tracking and pupillometry to monitor attention and malingering participants (Henson and Emuh, 2010) – akin to the video eye-monitoring feature of the HFA.



CONCLUSION

We showed that patients can be screened for an underlying glaucomatous or neuro-ophthalmic VFD based on continuous EM tracking in a VR-based framework. The STP obtained from the VR-based framework can distinguish the participants according to their oculomotor characteristics. Furthermore, we showed that the STP estimated based on data gathered in the VR device is comparable to those estimated based using the screen-based eyetracker. In addition, participants from all the groups found the VR screening test to be the most attractive. We conclude that our EM-based approach implemented in VR will result in a useful, user-friendly, and portable test that can complement existing perimetric techniques in ophthalmic clinics.
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Retinal prostheses are devices used to restore visual sensation in patients suffering from photoreceptor degeneration, such as retinitis pigmentosa. Suprachoroidal–transretinal stimulation (STS) is a prosthesis with retinal electrodes located in the sclera. STS has the advantage that it is safer than epiretinal or subretinal prostheses, as the implant is not directly attached to the retinal tissue. We have previously reported feasibility of STS with animal experiments and clinical trials. However, functional evaluation with neurophysiological experiments is still largely missing. To estimate the spatial resolution of STS, single-unit activities in response to STS were recorded from relay cells in the dorsal lateral geniculate nucleus of cats, and the response probability of the units was analyzed in relation to the distance between the stimulus location and the receptive field of each recorded unit. A platinum electrode was attached to the sclera after lamellar resection, and the return electrode was placed in the vitreous. The stimulating current, which ranged from 50 to 500 μA, was applied between these electrodes, and the probability of spike responses occurring just after retinal stimulation was measured. The distance at half-maximum of response was determined from the collected response probabilities as a function of stimulus intensity for all units characterized by their distances from the receptive field center to the stimulation point. As the stimulation became weaker, this distance decreased to 1.8° at 150 and 100 μA. As another estimation, the radius of 25% response probability was 1.4° at 100 μA. The diameter of the stimulated cat retinal area, 3.6° or 2.8°, corresponds to human visual acuity of 0.005 or 0.007, or finger counting. Considering the lower hazard to the retina of STS and its potentially large visual field coverage, STS is an attractive method for retinal prosthetic device development.

Keywords: retinal prosthesis, suprachoroidal–transretinal stimulation, lateral geniculate nucleus, single-unit recording, retinitis pigmentosa


INTRODUCTION

Retinitis pigmentosa (RP) is the leading cause of blindness and is characterized by the degeneration of photoreceptors (Marmor et al., 1983; Pagon, 1988). However, at present, there is no effective treatment. As a biomedical engineering approach to restore vision in these patients, retinal prostheses have been intensively studied (for review, Ayton et al., 2020). In retinal prosthesis, the residual retinal neurons of RP patients are electrically stimulated by an implanted electrode array to detect light sensation, called “phosphenes.”

Two types of retinal prostheses have been developed thus far: epiretinal stimulation (Humayun et al., 1994; Majji et al., 1999; Nadig, 1999; Walter and Heimann, 2000) and subretinal stimulation (Chow and Chow, 1997; Zrenner et al., 1999; Schwahn et al., 2001; Chow et al., 2002), named according to the location of the electrode array implantation. Both approaches have a common disadvantage, in that, the stimulating electrode array is invasive for the neural retina because it is directly attached to the retina. Although improvements in surgical and electronic technology may solve some of the problems associated with these types of retinal prostheses, the potential risk of damage to the eye after intraocularly inserting an electrode is still debatable.

To minimize the invasion of the retina by the stimulating electrode, our group previously developed an original stimulating method named suprachoroidal–transretinal stimulation (STS), in which the electrode array is placed in the scleral pocket or the suprachoroidal space (Kanda et al., 2004; Sakaguchi et al., 2004; Nakauchi et al., 2005). This design minimizes the retinal insult because the stimulating electrode array does not attach directly to the retina. In exchange for this advantage, the electrode is located farther from the retinal neurons than the other two types, and this array location might reduce the resolution of the prosthesis. For human patients, both our STS and a suprachoroidal implant by Bionic Vision Australia improved the patients’ vision-related behavior (Fujikado et al., 2011, 2016; Ayton et al., 2014; Barnes et al., 2016), but it is still difficult to assess the resolution limit of suprachoroidal stimulation because of restrictions in human studies. Thus, it is important to investigate the spatial resolution limit that can be achieved through this retinal prosthesis for activation of the retino-geniculo-cortical pathway of an animal model such as the cat, which has a well-developed visual system.

Single-unit response elicited by STS was recorded from the relay cells of the dorsal lateral geniculate nucleus (dLGN). The spatial extent of the activated area was estimated using the spike response of each unit and the distance between its receptive field (RF) and the stimulating electrode. The spatial resolution of suprachoroidal stimulation has previously been reported from the responses of the cat visual cortex (for example, Shivdasani et al., 2012; John et al., 2013; Wong et al., 2016). Because the cortical visual processing modifies the input signal from the dLGN, the cortical responses are more characteristic of cognition. In contrast, the single-unit recording from dLGN reveals the responses closer to the activity of retinal ganglion cell (RGC) stimulated by STS. Here we investigated the threshold and the spatial extent of the activated retinal area.



MATERIALS AND METHODS


Animal and Surgical Preparation

Twelve adult cats (either sex, weight 3–4 kg), bred at the Graduate School of Medicine, Osaka University, were used. All animal procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals by the Institute for Laboratory Animal Research, and the guidelines of the Graduate School of Medicine, Osaka University. Every effort was made to minimize animal discomfort and reduce the number of animals used.

After intramuscular injection of ketamine hydrochloride (25 mg/kg) and intraperitoneal injection of atropine sulfate (0.1 mg/kg), the cats were paralyzed and anesthetized by intravenous infusion of Ringer’s solution (0.9 mL/kg/h) containing pentobarbital sodium (1 mg/kg/h), pancuronium bromide (0.2 mg/kg/h), and glucose (0.1 g/kg/h). The animal was artificially ventilated via a tracheal tube with an N2O/O2 gas mixture (1:1). During the experiment, end-tidal CO2 concentration, intratracheal pressure, and electrocardiogram were continuously monitored. The body temperature was maintained using a heat pad at 38°C. The pupils were dilated with mydriatics, a mixture of tropicamide and phenylephrine hydrochloride (Mydrin-P, Santen Pharmaceutical Co., Ltd., Japan) and 1% atropine sulfate (Nitten Pharmaceutical Co., Ltd., Japan).

Bipolar stainless-steel electrodes were placed bilaterally beside the optic chiasm (OX) for stimulation. The position of the electrode tip was determined based on the flash-evoked response of the electrode.

For implantation of the STS electrodes, a skin incision was made horizontally approximately 20 mm from the lateral angle of the left eye. The temporal orbital bone was partially removed, and the lateral rectus muscle was dissected to expose the temporal surface of the eye. The upper temporal scleral area was located approximately 15 mm posterior to the corneal limbs, and just above the long ciliary artery was exposed. Subsequently, scleral lamellar resection (size: approximately 4 × 4 mm) was performed up to half depth using a razor blade or a crescent knife, and the STS electrode was attached by the manipulator (see section “Suprachoroidal–Transretinal Stimulation”). The conjunctiva around the corneal limb was sutured to an eye ring, which was attached to the head holder of the stereotaxic instrument, to prevent eye movement. A return electrode made of a urethane-coated platinum wire (200 μm in diameter) with the tip exposed by approximately 2 mm was inserted into the vitreous through the pars plana.



Electrophysiological Recording

A glass-coated tungsten microelectrode (1–3 Mohm) was inserted stereotaxically into the A1 layer of the left dLGN to record the single-unit activities of relay cells. The electrical signal was amplified 2,000–10,000 times and filtered between 300 and 5 kHz using an AC amplifier (Model 1800 Microelectrode AC amplifier, A-M SYSTEMS, INC., United States) and a low-pass filter (LPF-202A, Warner Instruments, LLC, United States). The signal was monitored using an oscilloscope and audio monitor in real time. The amplified signal was acquired on a data acquisition interface (Power 1401, Cambridge Electronic Design, United Kingdom), with a sampling frequency of 50 kHz and analyzed offline using the software Spike2 (Cambridge Electronic Design, England) and MATLAB (The Mathworks, Inc., United States). To stimulate OX, monophasic pulses with a duration of 50 μs were delivered from a pulse generator (SEN-7203, Nihon Kohden, Japan) through an isolator (SS-202J; Nihon Kohden).



Receptive Field Plotting

The RF center of each recorded unit was plotted on a tangent screen positioned 114 cm from the eye. On this screen, 2 cm was equal to 1° of visual angle. The eye was refracted using a contact lens to focus it on the screen. The RF was delineated by monitoring the electrical activity of the unit in response to the small test spot being turned on or off within the RF or in response to the movement of the spot in and out of the RF (Miyoshi et al., 1999).



Identification of Cell Types

Each unit activity was classified into either Y-cells or X-cells of relay neurons, based on features such as light response, RF center size, OX latency, and response linearity of light input, as established in previous studies (Cleland et al., 1971; Hoffmann et al., 1972). The unit with (1) a phasic RF response to on or off stationary light stimulation, (2) a response to fast repetitive stimuli, and (3) a large RF center (0.6°–2.5°), was classified as Y-cell. On the other hand, when the unit had tonic response to stationary light stimulation, no response to fast repetitive stimuli, and a small RF center (0.1°–1.3°), it was classified as an X-cell. In some units, our classification was confirmed by a null test, which characterizes the input linearity with pattern-reversal stimulation by a digital projector (Enroth-Cugell and Robson, 1966; Takao et al., 2002). The latency in OX stimulation also helped to confirm the relay neuron and Y/X classification. When classification into either a Y-cell or an X-cell failed, the unit was excluded from further analysis. These unclassified units were rare and recorded mainly at the boundary region of the LGN A1 layer. In addition, we classified the included units into sub-categories: on-center/off-surround or off-center/on-surround.



Suprachoroidal–Transretinal Stimulation

Two types of electrodes were used to stimulate the retina. One was a multichannel electrode array (Unique Medical, Japan), which had nine stimulation sites arranged in three-by-three grids with a center-to-center distance of 0.5 mm on the silicone base (size: 3 × 6 mm). The stimulation sites were made of platinum and had a diameter of 0.1 mm. The surfaces of the stimulation site protruded from the silicone base by 0.05 mm. The other was a single-channel electrode. The stimulation site was made with the same geometry and material as the multichannel electrode array. The silicone base of the single-channel electrode was round, 0.8 mm in diameter, and was set to a glass tube to be attached to the sclera with a micromanipulator. By pressing this single-channel electrode against the sclera strongly, the stimulation site was easily identified by a small bump in the funduscopy. Therefore, the single-channel electrode was used mainly to obtain the units with RF located very close to the stimulation point.

Between the scleral stimulating electrode and the vitreous return electrode, a single biphasic pulse of current (cathodic first without interphase interval, 0.5 ms) was applied at 1.0 s intervals via a linear isolator (BSI-950, Dagan Corporation, United States) connected to the data acquisition interface (Power 1401, Cambridge Electronic Design Limited, United Kingdom). The current intensity varied among 500, 300, 200, 150, 100, 70, and 50 μA. For each level, 40 stimulation trials were conducted.



Measurement of Distance Between Receptive Field and Stimulation Point

Before the electrophysiological recording, the ocular fundus was back-projected onto the screen (Bishop et al., 1962; Fernald and Chase, 1971), and the retinal structures including the arteries, veins, and optic disc were traced on the tangent screen. Once the stimulating electrode was placed on the sclera, it was meticulously maintained at that position. After the recording, a small scar on the retina was created by applying a DC current (1 mA for 10 s) via the stimulating electrode to confirm the stimulation point on the retina. Subsequently, the eye was enucleated after the animals were deeply anesthetized with an overdose of sodium pentobarbital. The eyes were fixed with 10% formalin (Mildform 10N, Wako Pure Chemical Industries Ltd., Japan) for 30 min. The retina was isolated and flat-mounted on a glass slide, and the position of the scar, which indicated the stimulation point, was identified with other landmarks, such as vessel running and branching pattern.

The distances between the corresponding stimulation point and the central point of the RF center were measured on a tangent screen. The corresponding stimulation point on the screen was identified by overlapping the images of the flat-mounted retina and screen.




RESULTS


Single-Unit Responses to Suprachoroidal–Transretinal Stimulation

A total of 114 single-unit responses to STS were recorded from the dLGN of 12 cats (11 On-Y cells, 35 Off-Y cells, 28 On-X cells, and 40 Off-X cells). In most cases, the responses to STS consisted of several periodic bursts, up to 200 ms after the stimulus. Each burst consisted of fewer than six spikes. No spontaneous spike activity was observed during the silent period between bursts. A typical example of a single-unit response to an STS is shown in Figure 1. In this case, the response consisted of three burst discharges appearing at 4–10, 70–80, and 120–150 ms after STS.
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FIGURE 1. Example of relay cell response in dLGN evoked by biphasic pulses of STS. Extracellular recording waveforms (upper row), raster plots (middle row), and peri-stimulus time histograms (lower row) are shown. (A) STS of 300 μA evoked burst discharges on off-center Y-cells. The distance between the central point of the RF center and the stimulating electrode was 1.28°. Arrowheads indicate the stimulus onset. Scale bar, 20 ms. Panel (B) is an enlargement of panel A on the time axis to show the spikes in the first burst. The scale bar, 3 ms.


These bursts were categorized into two types based on their latencies: the first burst and the late burst. The first burst was defined as a burst that appeared within 15 ms after the stimulus. The first burst consisted of spikes that were stable in their latencies and number (usually less than five spikes) under the same stimulus condition of the same unit (Figures 1A,B). This burst was rarely obtained when the stimulation point was located far from the RF, in particular for distance more than 10°, even if the current intensity was larger than 500 μA. On the other hand, the late burst was defined as a burst that periodically appeared more than 20 ms after the stimulus. The spikes in the late bursts varied in their numbers and latencies. We observed that many units far from the stimulus point did not show first bursts but only late bursts. The late response by epiretinal stimulation was reported to be derived from the presynaptic neurons of RGCs (Jensen et al., 2005a). The origin of the late bursts in the present study may also be retinal neurons before RGCs, but it is unclear from the current in vivo experiment. We do not know whether these late bursts were related to light perception in patients, and they did not seem to be associated with the location of the stimulus point. All these considerations led us to focus on first bursts rather than late bursts observed in the wide retinal area to evaluate the spatial properties of the STS in this study.



Current Dependency of the Spike Discharges in the First Burst

The spikes in the first burst were characterized by latency when the stimulation current was changed. The first spike in the first burst had a stable latency of 3–7 ms for most levels of stimulating current, whereas the spikes that followed the first spike were increasingly delayed as current stimulation was lowered. A representative example of the effect of the current intensity on the spikes in the first burst is shown in Figure 2. When the current intensity was 500 μA (Figures 2A,E), the three spikes regularly appeared with constant latencies of 4.47 ± 0.24 (mean ± SD of 40 trials), 5.89 ± 0.10, and 7.38 ± 0.11 ms. With 150 μA STS (Figures 2B,F), the three spike discharges appeared with latencies of 4.50 ± 0.17, 6.60 ± 0.05, and 8.27 ± 0.04 ms. The latencies of both the second and the third spike were prolonged, with decreases in the current intensities from 500 to 150 μA, whereas the latency of the first spike was not changed. At 100 μA, the first spike with a latency of approximately 4.5 ms disappeared, but a small deflection just before the first spike still existed, suggesting that the timing of synaptic input was preserved.
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FIGURE 2. The effect of current intensity on the spikes triggers the first burst. The example waveforms (A–D) and the raster plots (E–H) by the STS of various intensities were obtained from the same unit to Figure 1. The current intensities were 500 μA (A,E), 150 μA (B,F), 100 μA (C,G), and 50 μA (D,H). Solid arrowheads indicate the timing of STS. Scale bars, 5 ms. Following the decrease in current intensity, the decrease of the spike discharges (F,G) an increase in the spike intervals (E,F) was observed. The latency of the first spike in (A,B) was not affected by the current intensity. The first spike usually followed the small deflection indicated by open arrowheads in (B,C). This small deflection was still evoked with the same latency, even when the first spike disappeared with the STS of 100 μA (C).


The first spike was observed in almost all the units when its RF was located near the stimulation point, and the current intensity was high. Y-cells tended to have a shorter latency in the first spike than X-cells. The late spikes usually consisted of two to five spikes, which had a latency of 5–15 ms. Following low intensity stimulation late spikes persisted with longer latency than for sufficiently strong stimulation, even when the first spike was missing.



The Relationships Between Threshold Current Intensity and the Distance From Stimulating Electrode

First, we analyzed the relationship between the threshold of the current intensity for each recorded cell to evoke its first burst and the distance from the central point of its RF center to the stimulated retinal point (Figure 3), in order to evaluate the spatial extent of the neural responses to STS. The threshold current was defined as the electric current which generates a spike within 3–15 ms after stimulation (the period of the first burst) with a 50% probability out of 40 trials. The threshold was calculated using linear interpolation between the current intensity and the response probability of 40 trials.
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FIGURE 3. Threshold current intensity for 50% response probability. The distribution of this measure is shown for the distances between the RF center and the stimulating electrode. As the distance decreased, the threshold current tended to decrease.


The lowest edge delineated by this scattered plot shows the minimum threshold at that distance from the stimulation point. The area below this minimum threshold line indicates the range of currents that cannot excite the retina at that distance. The minimum threshold was 67 μA at a distance of 0°–2°, while it was 430 μA at a distance of 10°–12°. In the area over 12° from the stimulation point, there was no activated unit with a current less than or equal to 500 μA.

The threshold currents varied in each unit, even if they were located at the same distance from the stimulation point. In particular, a large variation in the threshold was observed for distances less than 5°. This indicates that every unit has a different threshold for electrical stimulation. However, the minimum thresholds tended to be lower at shorter distances, as mentioned above.



The Spatial Extent of Neural Response to Suprachoroidal–Transretinal Stimulation Estimated by Response Probability Distribution

The relationship between response probabilities and distances was analyzed to evaluate the spatial extent of the response to STS (Figure 4). The response probability was defined as the percentage of stimulation trials that resulted in a spike during the period of 3–15 ms after stimulation. The response probability increased when the RF center was located near the stimulation point. For example, after application of 200 μA (Figure 4C), response probability in excess of 80% was found between 0° and 5°. Thus, at that stimulus level the extent of the response to STS was limited to the vicinity of the stimulation point.
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FIGURE 4. The response probabilities and their median values for the distances between the central point of RF and the stimulating electrode. Open circles indicate the response probability of each unit to the STS. Red circles and lines indicate the median of response probabilities for every 1.5°. The current intensities in (A–G) were 500, 300, 200, 150, 100, 70, and 50 μA, respectively.


These results also showed significant variation in the response probabilities in the units located at the same distance from the stimulation point. In some units where the RF was located even less than 5° from the stimulation point, the response probability was lower than 5% at a current intensity of 500 μA. Although we categorized these data into the cell types (Y-cell or X-cell, and On-center cell or Off-center cell), we found no difference in distribution among the cell types (see detail in section “Discussion”).

The current intensity affects the distribution of response probabilities. At 500 μA (Figure 4A), the units with 80% response probability were found up to 10°. In the case of 150 and 100 μA (Figure 4D,E), the units with a response probability of over 80% were found within 5°. When the current intensity was lowered to 50 μA (Figure 4G), the units did not respond with a high-response probability, even if their RF centers were near the stimulation point. To evaluate the overall characteristics of the relationships between the response probability and the distance, the median of the response probability was calculated for every 1.5° interval and plotted in Figure 4. At 500 μA (Figure 4A), the medians lay on 100% from 0° to 7.5°. At 200 and 150 μA (Figures 4C,D), only the 0°–1.5° range showed a median value over 80%. These graphs of the medians indicate that the size of the high-response probability area depends on the current intensity.

To investigate the relationship between the spatial extent of the activated area and the current intensity, the distance at the half maximum of the median plot was calculated for each simulation intensity. This distance was equivalent to half width at half maximum (HWHM) of the spatial extent of the retinal response by STS (Figure 5). The distances at half maximum at 70 and 50 μA were excluded because the responses were too weak. The value of HWHM was 8.9° at 500 μA, which decreased almost linearly with a decrease in the current intensity up to 150 μA, where it stabilized at 1.8°. The results indicated that a decrease in current intensity could localize the retinal responsive area.
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FIGURE 5. The relationship between the spatial extent of the neural response and the stimulus current intensity. The half width at half maximum was calculated from the median-distance graphs in Figure 4. The half width decreased following a decline in stimulus intensity from 500 to 150 μA. However, the half width was constant at 1.8° from 150 to 100 μA.


To describe the relationships between the size of response area and the current intensity, the distances with 75, 50, or 25% response probability were also calculated from Figure 4 (Figure 6). The distance, radius of the activated area by STS, became smaller as the current decreased for the same response probability. With the smallest current, 100 μA, it was 1.4° for 25% probability.
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FIGURE 6. The relationship between the distance and current intensity with 75, 50, or 25% response probability thresholds. The data was calculated from the median-distance graphs in Figure 4.





DISCUSSION


Burst Response by Suprachoroidal–Transretinal Stimulation in Dorsal Lateral Geniculate Nucleus Relay Cells

The responses to STS in the single-unit activity of dLGN were observed as several bursts, which repeated periodically up to approximately 200 ms after stimulus. A similar burst response to retinal electrical stimulation has been reported for RGC with epiretinal stimulation (Jensen et al., 2005b; Fried et al., 2006; Freeman and Fried, 2011), and transretinal stimulation (Crapper and Noell, 1963; Li et al., 2005). The activity of dLGN relay neurons followed the RGC activity by retinal stimulation in general, whereas the retino-geniculate connection dropped some spikes with weak retinal stimulation, as shown in the example of Figure 2C.

Although STS can theoretically stimulate all retinal neuron types, the first spike is thought to be caused by direct stimulation of the RGC. The antidromic response latency of cat RGCs to OX stimulation is about 1.5–2.5 ms in Y-cells and 3–5 ms in X-cells (Stone and Fukuda, 1974). OX latency of the cat dLGN relay cells is 0.9–1.8 ms in Y-cell and 1.5–3.1 ms in X-cell (Hoffmann et al., 1972). Thus, the latency of the dLGN relay neuron from the stimulated RGCs can be estimated approximately 2.4–4.3 ms in Y-cell and 4.5–8.1 ms in X-cell. This estimation corresponds well to the latency of the first spike in the first burst in response to STS. In an in vitro study of epiretinal stimulation, it was reported that the short latency spikes did not change their latency and still appeared after application of a synapse blocker; therefore, it was concluded that the spike represents the response to direct stimulation to the RGC (Jensen et al., 2005b; Fried et al., 2006). The feature of stable latency of the first spike by STS was similar to that of the short latency spike elicited by epiretinal stimulation. From these results, it was suggested that the first spike of the STS was elicited by direct stimulation of the RGCs, not via the retinal circuit before the RGCs. The latencies of the later spikes were more variable than those of the first spike. In an in vitro study of epiretinal stimulation, it was reported that the late spikes in the burst disappeared upon application of synaptic blockers (Fried et al., 2006). Further studies are necessary to discuss the appearance and mechanism of late spikes induced by STS.



The Variation of Threshold Current

The threshold current intensity for 50% response probability had a wide variation, as shown in Figure 3. There are some possible reasons for this variability, and Figure 3 might be a mixture of thresholds caused by different features. To investigate the reasons, the threshold data of Figure 3 was classified according to the following four features: the cell type, the relative position of stimulating electrode, the electrode types, and the individual experimental animals (Supplementary Figures 1–4). As a result, all these features could not explain the wide variation of thresholds with a given retinal distance between the RF and the stimulating electrode.

The different types of neurons may have different excitability, which leads to the difference of the threshold. However, all four cell types, On-center/Off-center Y- and X-cells, still showed a wide distribution of thresholds (Supplementary Figure 1). The relative position of the stimulating electrode is important to the threshold because an electrode on an axon bundle can stimulate an axon directly. This may lower the threshold at a distant point from cell body and may deteriorate the topographic relation of retinal stimulation. We classified the threshold data according to the relative electrode position, nasal or temporal side from the central point of the RF (Supplementary Figure 2). Because the stimulating electrode is implanted on the temporal retina in this experiment, the stimulating electrode nasal to RF center had the possibility to stimulate the axon directly. In the scatter plot, the apparent drop of the threshold of the nasal electrode position was not found, and axonal stimulation cannot explain the variation. However, we do not think that STS can avoid axonal stimulation. Because the position of the stimulating array/electrode was fixed throughout the recording session, it may not be easy to sample the threshold of the stimulation on passing axons. This may be the reason why the difference did not appear, and we do not deny the possibility that STS activates the passing axons. Both the type of electrode (single electrode or electrode array) and the experimental session also could not explain the variation of the threshold (Supplementary Figures 3, 4).

To check the statistical contribution of these factors, we conducted a multiple regression analysis for the threshold. The five factors, Y-cell/X-cell, On-center/Off-center cell, the relative position of the stimulating electrode, the type of stimulating electrode, and the distance between RF and stimulating electrode, were used as explanatory variables. Among these five factors, the distance and the cell type (On-center/Off-center) are significantly effective to the objective valuable, whereas no significant effect was detected in the other three factors, namely the cell-type (Y-cell/X-cell), RF position (nasal/temporal to the RF center), and the electrode type (single/electrode array), as shown in Supplementary Table 1. Then, a regression analysis with a step-down procedure was performed with these two factors as explanatory variables, a significant prediction formula was performed, the coefficient of determination and coefficient of determination with adjusted degrees of freedom did not noticeably improve (Supplementary Table 2). The absolute value of the standardized regression coefficient (beta) was 11.756 for the retinal distance, being much larger than that for the cell type (On-center or Off-center cells). The latter value (beta) was −2.346, suggesting that Off-center cells were apt to respond with lower stimulus current than On-center cells.

In conclusion, these factors mentioned above cannot explain the wide variation of the threshold current. We may have to assume that there is an uncontrolled condition in relation to the neuronal excitability or the current spread; unfortunately we cannot identify it from the current data.

Threshold current of cortical multiunit activity for suprachoroidal monopolar electrode was previously reported as 173 ± 17 nC (346 ± 34 μA for our experiment) (Spencer et al., 2016). The corresponding thresholds in our experiment are those with the stimulating electrode near the RF, varying from 67 μA to approximately 400 μA, and almost all thresholds are lower than those recorded in the primary visual cortex. This difference in threshold suggests that the cortical threshold is modified and further processed from that of the RGCs through the visual information processing toward cognition.



Spatial Extent of the Responsive Area Evoked by Suprachoroidal–Transretinal Stimulation

The present study showed that the HWHM of the minimum responsive area was 1.8° in the cat visual field by low-strength STS, which is equivalent to 0.40 mm of the retina (calculated from Vakkur et al., 1963). This HWHM of 0.40 mm conforms to 1.4° of the visual field in humans (3.5°/mm calculated from Oyster, 1999), assuming that the size of the responsive area was the same between the human retina and the cat retina. If two-point discrimination is achieved in the separation of HWHM in the retina, visual acuity can be 0.01. If the separation is required to be full width at half maximum (FWHM), the visual acuity can be half of 0.01, that is, finger counting.

From the area size under the same response probability (Figure 6), the distance with minimal current of 100 μA under 25% response probability was 1.4°. This corresponded to 1.1° in human, then the diameter of 25% response area was 2.2°. This means the visual acuity of 0.007, which is similar range to those from HWHM of the responsive area.

For epiretinal or subretinal stimulation, several groups reported distribution of responses in an in vivo study on the cat visual cortex. Local field potential (LFP) after retinal stimulation indicated that the FWHM of the responsive area was 1.49° to epiretinal stimulation (Wilms et al., 2003) and 1° to subretinal stimulation (Sachs et al., 2005). In addition, optical recording of the cat visual cortex (Eckhorn et al., 2006) showed that the average FWHM of the distribution was 1.28–1.29 mm on the visual cortex with epiretinal or subretinal stimulation, which corresponds to approximately 2.5°. The FWHM responsive area of 3.6° or the 25% response diameter of 2.8° from dLGN in the present study is a little larger than the aforementioned epiretinal and subretinal studies. With the suprachoroidal electrode, the size of the local field response on the cat visual cortex was reported to be 1.6°–2.7°, similar to the present results (Wong et al., 2016). This consistency with previous animal studies indicated that STS is comparable to other retinal prostheses in terms of resolution.



Feasibility of Suprachoroidal–Transretinal Stimulation for Retinal Prosthesis

In STS, the stimulating electrode array is chronically implanted into the scleral pocket (Nakauchi et al., 2005; Fujikado et al., 2011, 2016), or between the sclera and choroid (Sakaguchi et al., 2004). This array position prevents physical damage to the retinal tissue in the long-term, as the scleral tissue supports the electrode array tightly. This stability of the electrode array can also maintain the distance from the electrode to the retina in the STS constant through long-term implantation. An in vitro study showed that the threshold was strongly affected by the distance from the electrode to the retina (Jensen et al., 2005b), indicating that a large variation in the distances can influence the quality of vision of the retinal prosthesis. Therefore, STS can maintain the quality of artificial vision, although the size of each phosphene might be larger than that of epi- or subretinal stimulation. In addition, a wider visual field can be achieved using a large array or multi-array (Lohmann et al., 2016).

In human preclinical studies of STS, patients reported that phosphene was stable and reproducible, and that the size of phosphene varied from the size of a pea to that of a quarter coin at arm’s length (Fujikado et al., 2011). This size roughly corresponds to 1°–2.5°of visual angle. Our present result, 2.2° or 2.8° in human terms, was in good agreement with the patients’ descriptions. Thus, our method to evaluate the extent of the retinal prosthetic response based on retinogeniculate projections is useful as a model for physiological studies of retinal prostheses. This would also be applied to studies that improve the spatial properties of prosthetic systems by stimulating parameters such as electrical waveforms and electrode combinations (for example, John et al., 2013; Dumm et al., 2014; Weitz et al., 2015; Spencer et al., 2016, 2017; Nakano et al., 2018).
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Structural Differences Across Multiple Visual Cortical Regions in the Absence of Cone Function in Congenital Achromatopsia
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Most individuals with congenital achromatopsia (ACHM) carry mutations that affect the retinal phototransduction pathway of cone photoreceptors, fundamental to both high acuity vision and colour perception. As the central fovea is occupied solely by cones, achromats have an absence of retinal input to the visual cortex and a small central area of blindness. Additionally, those with complete ACHM have no colour perception, and colour processing regions of the ventral cortex also lack typical chromatic signals from the cones. This study examined the cortical morphology (grey matter volume, cortical thickness, and cortical surface area) of multiple visual cortical regions in ACHM (n = 15) compared to normally sighted controls (n = 42) to determine the cortical changes that are associated with the retinal characteristics of ACHM. Surface-based morphometry was applied to T1-weighted MRI in atlas-defined early, ventral and dorsal visual regions of interest. Reduced grey matter volume in V1, V2, V3, and V4 was found in ACHM compared to controls, driven by a reduction in cortical surface area as there was no significant reduction in cortical thickness. Cortical surface area (but not thickness) was reduced in a wide range of areas (V1, V2, V3, TO1, V4, and LO1). Reduction in early visual areas with large foveal representations (V1, V2, and V3) suggests that the lack of foveal input to the visual cortex was a major driving factor in morphological changes in ACHM. However, the significant reduction in ventral area V4 coupled with the lack of difference in dorsal areas V3a and V3b suggest that deprivation of chromatic signals to visual cortex in ACHM may also contribute to changes in cortical morphology. This research shows that the congenital lack of cone input to the visual cortex can lead to widespread structural changes across multiple visual areas.

Keywords: achromatopsia, congenital visual impairment, anatomical brain regions, visual areas, structural plasticity, parallel visual pathways, ventral and dorsal pathways


INTRODUCTION

Congenital achromatopsia (ACHM; also known as rod monochromacy) is a largely stationary, genetically heterogeneous and predominantly autosomal recessive retinal disorder with a prevalence of approximately ∼1 in 30,000 people (Francois, 1961; Kohl et al., 2004; Aboshiha et al., 2016). Most cases are caused by mutations in one of the several genes expressed in the retinal phototransduction pathway of the cone photoreceptor. As a result, ACHM is characterised by a lack of function in all three cone photoreceptors from birth. The functional integrity of cone photoreceptors is fundamental for the mediation of photopic (bright light) vision, high visual acuity and colour perception. In the normally-sighted, the central fovea of the retina is composed exclusively of cone photoreceptors providing high visual acuity. With only functioning rods, individuals with complete ACHM have a central scotoma where rods are absent and a complete loss of colour vision from birth, along with reduced visual acuity (Haegerstrom-Portnoy et al., 1996a,b; Remmer et al., 2015; Hirji et al., 2018). In normally-sighted individuals, the foveal region of the visual field dominated by cones is overrepresented in the visual cortex (cortical magnification). Crucially, this means that in ACHM a disproportionately large area of the visual cortex receives atypical input due to the defective cone photoreceptors. Thus, it is possible that the lack of visual input to foveal representations within visual regions throughout the cortex may influence the structural characteristics of the visual cortex within this patient population.

The brain contains multiple representations of the visual field, becoming functionally specialised along the visual processing hierarchy. Beyond early occipital areas V1, V2, and V3, higher areas in the ventral stream are important for colour, pattern and shape/form processing (Zeki et al., 1991; McKeefry and Zeki, 1997; Wade et al., 2002; Goddard et al., 2011; Winawer and Witthoft, 2015), while dorsal areas are involved in the analysis of spatial characteristics such as object motion, position, depth and visually guided grasping (Ungerleider and Mishkin, 1982; Goodale and Milner, 1992). In particular, human ventral area V4 responds most strongly to chromatic stimuli (Zeki et al., 1991; Wade et al., 2002; Goddard et al., 2011), and responses in ventral occipital cortex (VO) have been correlated with the perceptual experience of colour (Jiang et al., 2007). Furthermore, damage to ventral areas such as V4 leads to a loss of colour perception (cerebral achromatopsia) (Zeki, 1990). Given the importance of cones for colour perception and high acuity vision needed for processing shape/form, it is possible that lack of cone input in ACHM might affect ventral visual areas more significantly than dorsal areas. Indeed, a behavioural study by Burton et al. (2016) supports this hypothesis, reporting that individuals with ACHM are more impaired in global form perception relative to global motion and biological motion perception.

To date, at least five genes, GNAT2, PDE6C, PDE6H, CNGA3, and CNGB3, have been identified as responsible for over 90% of congenital ACHM cases (Wissinger et al., 2001; Johnson et al., 2004; Varsányi et al., 2005; Thiadens et al., 2009; Liang et al., 2015; Zelinger et al., 2015; Sun et al., 2020). Of these, the vast majority are caused by mutations in either CNGA3 or CNGB3 genes (Kohl et al., 2004; Liang et al., 2015; Zelinger et al., 2015; Sun et al., 2020). Current clinical trials are testing gene-therapeutic interventions to treat congenital ACHM by restoring cone function in the eye (Fischer et al., 2020; Reichel et al., 2021; NCT03758404, NCT03001310, NCT03278873, NCT02935517, NCT02599922, and NCT02610582).

The consequences of potential cortical changes in ACHM on efforts to restore vision are currently unknown. However, we can draw on changes to the posterior visual pathway that have been documented in other visual deficits to provide some context (Prins et al., 2016). Previous research has reported significant structural changes in visual processing pathways in the brain both in individuals with congenital blindness (Ptito et al., 2008; Jiang et al., 2009; Park et al., 2009; Aguirre et al., 2016; Bridge and Watkins, 2019) and acquired defects (Boucard et al., 2009; Hernowo et al., 2014; Brown et al., 2016; Prins et al., 2016; Hanson et al., 2019). Functional changes have been identified in another ophthalmological disorder, i.e., amblyopia, in higher visual areas including V4 and MT+ (Wong, 2012). Structural changes have also been reported in totally blind individuals specifically in connectivity to the ventral visual areas (Reislev et al., 2016a,b). In models of glaucoma, it is evident that the posterior visual pathway undergoes degeneration, which would likely prevent full restoration of vision (Yucel and Gupta, 2015). If cortical atrophy is detected in ACHM, it is possible that degeneration has occurred and could limit restoration of vision.

Efforts to restore vision in different disorders have been cautiously optimistic, but have produced mixed results. In late-onset disorders such as age-related cataract, visual acuity immediately improves following corrective surgery, and this is associated with an increase in grey matter volume of visual brain areas (Lou et al., 2013; Lin et al., 2018). Similarly, in late-blind participants with retinitis pigmentosa, motion detection and BOLD responses to visual stimuli were enhanced following implantation of a retinal prosthesis even after years of deprivation (Castaldi et al., 2016). However, visual recovery evident in these studies may have been strictly dependent on the presence of early visual experience during childhood (Hadad et al., 2015). In early-onset disorders, such visual experience is absent. Even when the optical image has been fully restored following surgery, vision is not always restored to normal. In cases of early blindness due to corneal opacity, after corneal replacement participants still perform poorly on higher level visual tasks requiring shape, object and face processing (Fine et al., 2003) or colour discrimination (Ackroyd et al., 1974). Following surgery to correct congenital cataract, the degree of vision restoration is inversely related to the extent of changes in visual cortex (Guerreiro et al., 2015, 2016). Overall, these studies suggest that restoring vision to normal must involve normal cortical function and that anatomical biomarkers could provide a valuable indicator of the extent to which function may return to normal, particularly in the case of a congenital deficit.

Using gene therapeutic interventions, such as those well established in Leber’s Congenital Amaurosis, visual and behavioural outcomes have also been variable (for review see: Chiu et al., 2021). However, evidence that cortical plasticity is still possible later in life was provided by an fMRI study reporting increased responses in visual cortex following gene therapy when participants with Leber’s Congenital Amaurosis were treated in adulthood (Mowad et al., 2020). In ACHM, early studies also report promising but variable results following gene therapy (Farahbakhsh et al., 2020; Fischer et al., 2020; Reichel et al., 2021). In a study of two adult ACHM participants, minor improvements in visual acuity and a reduction in levels of photoaversion were found following treatment (McKyton et al., 2021). Furthermore, population receptive field sizes were reduced in early visual areas following treatment, suggesting that some restoration of cortical function is possible. However, although participants were now able to detect differences in the red end of the spectrum, there was no improvement in colour discrimination nor were fMRI responses detectable in colour-specific brain areas. The absence of improved colour discrimination could be due to insufficient restoration of retinal function or due to limitations in visual cortex. Nevertheless, a lack of colour responses in extrastriate brain areas along with an inability to discriminate colours suggest that long-term deficits may persist.

The aim of the current study was to evaluate how the deprivation of foveal and chromatic vision in participants with ACHM affect the development and structural integrity of multiple visual regions in striate and extrastriate cortex. Given the absence of functioning cones in ACHM, we hypothesised that ventral visual areas would be more affected than dorsal areas. We found that early visual areas V1 to V3 exhibit atrophic changes in ACHM. Similar changes were also present in ventral region V4, but not in dorsal areas V3a and V3b at an equivalent level in the visual hierarchy. We provide evidence therefore that the structural development of visual brain areas driven predominantly by cone input is particularly affected in ACHM.



MATERIALS AND METHODS


Participants

High resolution structural scans were collected at three sites from 42 control participants with normal or corrected to normal vision (mean age ± SD: 30.29 ± 9.72 years; 19 males) and 15 participants with both genetically confirmed ACHM (biallelic CNGA3 (n = 10) or CNGB3 (n = 5) mutations; see Table 1) and electroretinographically confirmed absence of cone function (mean age ± SD: 36.73 ± 10.95 years; 9 males). An independent samples t-test between groups found no significant age difference between groups [t(55) = −2.02. p = 0.056]. However, given the difference in mean age was close to the p < 0.05 cut-off, a subsequent analysis assessed age as a possible confound, along with scanner site, gender, and global metrics (see section “Results”).


TABLE 1. Summary of patient demographics showing participant group (ACHM, participants with congenital achromatopsia; C, control participants), gender (m, male; f, female), age, scanner site (HMC, Hadassah Medical Centre; UM, University of Magdeburg; UY, University of York), and genotype.
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Experimental protocols received approval from the site-specific ethics committees and were in accordance with the Declaration of Helsinki.



MRI Protocol


University of York (10 Controls, 4 Achromatopsia)

A single, high resolution, anatomical, T1-weighted scan (TR, 2500 ms; TE, 2.26ms; TI, 900 ms; voxel size, 1 × 1 × 1 mm3; flip angle, 7°; matrix size, 256 × 256 × 176, total acquisition time, 306 s) was acquired on each participant using a 64-channel head coil on a SIEMENS MAGNETOM Prisma 3T scanner at the York Neuroimaging Centre (YNiC).



Hadassah Medical Centre (24 Controls, 6 Achromatopsia)

A single, high resolution, anatomical, T1-weighted scan (TR, 2300 ms; TE, 1.5 ms; TI, 900 ms; voxel size, 1 × 1 × 1 mm3; flip angle, 9°; matrix size, 256 × 256 × 160, total acquisition time, 278 s) was acquired on each participant using a 32-channel head coil on a SIEMENS MAGNETOM Skyra 3T scanner at the Edmond & Lily Safra Centre for Brain Sciences, Hebrew University of Jerusalem.



University of Magdeburg (8 Controls, 5 Achromatopsia)

A single, high resolution, anatomical, T1-weighted scan (TR, 2500 ms; TE, 2.82 ms; TI, 1100 ms; voxel size, 1 × 1 × 1 mm3; flip angle, 7°; matrix size, 256 × 256 × 192, total acquisition time, 560 s) was acquired on each participant using a 64-channel head coil on a SIEMENS MAGNETOM Prisma 3T scanner at the University Hospital, Magdeburg, Germany.




Data Pre-processing

Cortical reconstruction and volumetric segmentation of the T1-weighted scans and surface-based morphology analysis were performed using the Freesurfer analysis suite Version 6.0 (Dale et al., 1999; Fischl et al., 1999). This included the removal of non-brain tissue (Ségonne et al., 2004), automated Talairach transformation, intensity normalisation (Sled et al., 1998), tessellation of the grey/white matter and pial boundaries (grey/cerebrospinal fluid) with automated topology correction and surface deformation (Dale et al., 1999; Fischl et al., 1999; Ségonne et al., 2007). Subsequently, the cortical surface was inflated and registered to a sphere (Fischl et al., 1999) and the surface parcellated according to gyral and sulcal structures (Ségonne et al., 2004; Desikan et al., 2006).

The final surface reconstruction was inspected for potential cortical segmentation errors (for example areas where dura mater was incorrectly included in the grey matter surface during the initial automated segmentation) and, when necessary, manually corrected using the FreeView Visualisation GUI. Manual editing was split between two expert observers who were blind to participant identity and group to avoid bias. Minor edits to the pial surface were made in 50% of ACHM and 50% of control participants. Edits were primarily of the skull and dura mater located at parietal, motor and frontal cortical regions with only a small minority of participants requiring edits in the occipital cortex. All manually corrected reconstructions were rerun (‘autoreconall2’) utilising the edited brainmask.mgz files.



Data Analysis

A subsequent region-of-interest (ROI)-based analysis was applied where we compared differences in three surface-based measures between ACHM and their demographically matched controls: mean cortical volume (mm3), cortical thickness (mm) and surface area (mm2).

Cortical volume was computed as described in Winkler et al. (2018). Briefly, three vertices defining a face in the white surface and three matching vertices in the pial surface form an oblique truncated triangular pyramid; the volumes of these are subsequently computed and summed together for the whole ROI. Cortical thickness was defined as the shortest distance between each grey/white matter boundary vertex and the pial surface (grey matter/cerebrospinal fluid boundary) and vice versa. The final value depicted the average of the two thickness values measured, and thickness values were then averaged across each ROI (Fischl and Dale, 2000). Surface area was measured by calculating the summed surface area across each ROI of each triangle of the surface mesh, the unit used to connect the cortical surface between each vertex.

Regions-of-interest used for this analysis stream were derived using the anatomically defined retinotopy atlas (Benson et al., 2014) implemented in the python analysis toolbox ‘neuropythy’ (Benson and Winawer, 2018). The atlas then predicted several Freesurfer-based maps (visual area, eccentricity, polar angle, and pRF size), which were used to delineate twelve ROI labels for each participant. The ROIs encompass the entire cortical field representations of areas V1, V2, V3, V3a, V3b, TO1, TO2, V4, VO1, VO2, LO1, and LO2 (Figure 1A).


[image: image]

FIGURE 1. Regions of interest and mean grey matter volume, cortical thickness and surface area for ACHM and controls. (A) An inflated surface of one control participant showing the cortical surface of the atlas-defined brain areas used in analysis (Benson et al., 2014; Benson and Winawer, 2018; https://osf.io/knb5g/). (B) A violin plot showing the distribution of mean grey matter volume averaged across the two hemispheres of controls and ACHM for each ROI. Horizontal lines within the violins indicate means for each group. Red stars indicate significant differences between groups in post hoc comparisons (p < 0.05). (C) A violin plot showing the distribution of mean cortical thickness averaged across the two hemispheres of controls and ACHM for each ROI. Details as in (B). (D) A violin plot showing the distribution of mean cortical surface area averaged across the two hemispheres of controls and ACHM for each ROI. Details as in (B). Red stars indicate significant differences between groups in post hoc comparisons (p < 0.05).





RESULTS

First, the data were evaluated from each hemisphere separately. A 2 × 2 × 12 mixed measures ANOVA was performed with between-subjects factor participant group (2 levels – ACHM and controls), and within-subjects factors of hemisphere (2 levels – left and right) and ROI (12 levels). Huynh-Feldt correction was applied to correct for sphericity of the data. There was no significant interaction between participant group, hemisphere, and ROI in any of the three metrics (Supplementary Table 1). Since hemisphere will have no effect on any interaction found between participant group and ROI, the data were combined across hemispheres. Extracted values of surface area and volume were averaged for each ROI and for each participant. For cortical thickness, the values were weighted by the respective surface area value and the mean cortical thickness. Values were derived by summing the product of the thickness and surface areas on the right and left hemispheres, respectively, and dividing this by the sum of the right and left surface area.

[image: image]

Results of the data averaged across hemispheres are shown in Figures 1B–D. To determine whether the effects of age, scanner site, gender, and global brain metrics influenced any of the three outcome measures, these variables were entered as potential confounds using analysis of covariance (ANCOVA). Repeated measures ANCOVAs were performed for each measurement type (grey matter volume, cortical thickness, and cortical surface area) including the two main variables of interest: participant group (2 levels) and ROI (12 levels). Huynh-Feldt correction was applied to correct for sphericity of the data.

There was no significant main effect of age, gender, scanner site or global brain metrics, and no interactions between any of these variables and participant group. The only significant interaction between the potential confounds and variables of interest was in grey matter volume for ROI × scanner site × gender [F(8.44, 181.56) = 2.64, p = 0.008]. This may reflect the differing number of each gender at each scanner site. All potential confounds are nevertheless accounted for in the remaining results (see Table 2).


TABLE 2. Results of analysis of covariance to assess effects of possible confounds age, scanner site, gender and global metrics.

[image: Table 2]
The main effect of participant group was significant for grey matter volume [F(1,43) = 4.87, p = 0.033] and surface area [F(1,43) = 7.52, p = 0.009] but was not significant for cortical thickness [F(1,43) < 0.01, p = 0.962]. This indicates that mean volume and surface area are reduced overall in all visual areas tested here in ACHM compared to controls, as seen in Figure 1. The main effect of ROI was significant for grey matter volume [F(4.22, 181.56) = 3.63, p = 0.006] but not for cortical thickness [F(11, 473) = 1.11, p = 0.352] or surface area [F(2.26, 97.28) = 0.064]. This is expected, as differences in visual area size are well documented in the literature (Wandell et al., 2007). Critically, however, the interaction between ROI and participant group was also significant for volume [F(4.22, 181.56) = 4.85, p = 0.001] and surface area [F(2.26, 97.28) = 6.62, p = 0.001], but was not significant for cortical thickness [F(11,473) = 1.55, p = 0.112]. Considering these interactions, we performed post hoc pairwise comparisons to determine if there was a significant difference between ACHM participants and controls in grey matter volume and surface area for each of the 12 ROIs, adjusting for multiple comparisons using Bonferroni correction (Table 3). This analysis revealed four areas which showed a significant difference between ACHM and controls for grey matter volume (V1: p = 0.006, V2: p = 0.019, V3: p = 0.024, V4, p = 0.029) and six areas for surface area (V1: p = 0.008, V2: p = 0.004, V3: p = 0.007, V4: p = 0.0333, LO1: p = 0.015, TO1: p = 0.046).


TABLE 3. Post hoc between group comparisons following analysis of variance in Table 2, Bonferroni-corrected.
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DISCUSSION

The aim of this study was to investigate any potential morphological changes in visual regions of the brain in participants with ACHM compared to normally sighted controls. Significant reductions were found in ACHM relative to controls for both volume and surface area, but not for thickness. Decreased volume appears to be driven largely by reductions in surface area rather than thickness. Our results reveal widespread morphological alterations throughout the visual cortex, consistent with previous neuroimaging studies of congenitally blind adults (Ptito et al., 2008; Aguirre et al., 2016; Bridge and Watkins, 2019). It appears that ventral visual area V4 is disproportionately affected by reductions in surface area and volume compared to the dorsal pathway areas V3a and V3b. Higher visual areas LO1 and TO1 also are reduced in surface area in ACHM, although not enough to drive differences in volume measurements.


Early Visual Area Results

All early visual areas (V1, V2, and V3) showed significant decreases in grey matter volume and surface area for ACHM. These areas all have particularly large foveal representations (Wandell et al., 2007), suggesting that the substantial reduction in input to these regions in ACHM may explain the decrease in size. All of these areas also process colour information (Mullen et al., 2007; Railo et al., 2012; Hurme et al., 2020), which could contribute further reductions in these areas. In a separate study, we have extended our analysis to investigate more specifically the eccentricity dependence of structural changes within primary visual cortex and shows that cortical changes are most pronounced in central visual field representations (manuscript submitted and under review; preprint available under Molz et al., 2021).



V4 and V3a/b Differences

Ventral area V4 was significantly lower in both surface area and volume in ACHM compared to controls. No such difference is found in dorsal areas V3a and V3b, however. This may be driven by the reduction in foveal input in ACHM, which is largely dominated by cone photoreceptors in normally-sighted adults. Previous research has demonstrated a preferential response bias to stimuli from the central visual field in ventral visual areas including V4, VO-1, and VO-2 (Brewer et al., 2005; Arcaro et al., 2009; Winawer and Witthoft, 2015). In contrast, dorsal areas appear to have an increasingly peripheral bias as one moves up the visual processing hierarchy away from primary visual cortex (Tootell et al., 1997; Wandell et al., 2007; Fattori et al., 2009). Areas with a more peripheral bias should therefore be less affected by ACHM, since peripheral vision is relatively preserved in these participants and rod function is intact. Our results showing no significant differences in ACHM in dorsal areas V3a and V3b support this hypothesis.

Ventral areas such as V4 have also been associated with chromatic vision (Bartels and Zeki, 2000; Wade et al., 2002; Brewer et al., 2005; Mullen et al., 2007, 2015; Bannert and Bartels, 2018), while dorsal regions V3a and V3b have been more aligned with motion processing (Tootell et al., 1997; Wandell et al., 2007; Fattori et al., 2009). Therefore, both the lack of chromatic signals and the reduction of foveal inputs caused by the absence of functional cones are likely to contribute to differences observed in V4 (but not V3a or V3b) in ACHM.



Higher Visual Areas

LO1 was also significantly reduced in surface area in ACHM participants. This area is commonly associated with processing of shape and object recognition (Malach et al., 1995; Larsson and Heeger, 2006; Silson et al., 2013) a skill assisted by chromatic vision (Bramão et al., 2011, 2016). LO1 also exhibits a foveal bias (Larsson and Heeger, 2006). Therefore, the cortical deprivation thought to cause this morphological difference may be related to both the lack of foveal and chromatic input to this area.

TO1 also shows a lower surface area in ACHM. This area is part of human area MT+, is most commonly associated with visual motion processing, and has a large foveal representation (Amano et al., 2009). Individuals with ACHM often report problems with motion perception, which is generally impaired when mediated by rods compared to cones (Gegenfurtner et al., 1999), possibly due to lower temporal resolution of the rods (Hess and Nordby, 1986). Thus, both reduced foveal inputs as well as impaired motion processing may explain differences in TO1 in ACHM. This is in contrast to TO2, which has a greater emphasis of the peripheral visual field (Amano et al., 2009) and did not differ significantly between groups.

Surprisingly, ventral areas VO1 and VO2 do not show significant differences in any metric, an unexpected result as both have been associated with chromatic vision (Brewer et al., 2005; Jiang et al., 2007; Arcaro et al., 2009) and have large foveal representations (Brewer et al., 2005). It is unexpected that we failed to detect group differences in VO1 and VO2, which likely receive predominant cone input because of their role in colour processing. Unlike larger areas V1, V2, V3, V3a/b, and V4, smaller regions such as VO1 and VO2 are more likely to be prone to type two errors, which might explain the lack of sensitivity in revealing differences here, although we did detect differences in similarly sized areas such as LO1 and TO1. However, research has suggested that it is more difficult to map areas along the ventral surface accurately due to potential vessel artifacts (the ‘venous eclipse’), which might have introduced some uncertainty to area boundaries (Winawer et al., 2010; Benson and Winawer, 2018). Such factors could have contributed to the null result we found in small ventral areas such as VO1 and VO2 using an atlas-based approach.



Cortical Thickness

We found no significant differences in cortical thickness in ACHM in any visual area. This is in contrast to increased cortical thickness reported in primary visual cortex in participants with total congenital blindness (Jiang et al., 2009; Park et al., 2009; Aguirre et al., 2016; Bridge and Watkins, 2019). However, it is important to note that participants with ACHM are still sighted, with an area of absolute blindness restricted only to the central fovea. Our prediction therefore would be that cortical thickening would be observed only in representations of the central visual field. Indeed, our preliminary analysis has found increased cortical thickness in the most central representations of primary visual cortex in ACHM (Molz et al., 2021). It remains to be seen if a total absence of input from the central fovea results in thickening of the foveal representation within higher visual areas.




CONCLUSION

In summary, this study provides an overview of the structural changes present in visual cortex in ACHM compared to normally-sighted controls. This study has revealed widespread reduction in the surface area and volume of many visual areas. Differences are found particularly in areas that typically have large representations of the fovea and areas associated with chromatic vision, suggesting that both characteristics of cone vision that are absent in ACHM can affect brain morphology. It is important to remember drawing conclusions from this data that atlas-defined ROIs are based on neurotypical individuals. Therefore, when applying an atlas to brains that may differ structurally there may be limitations on the precision of defining the ROIs. However, this technique has been used successfully in the past and there does appear to be some specificity in the ROIs where group differences are found (Norman and Thaler, 2019). Also, there is evidence that topographical organisation of visual cortex follows retinotopic principles, even in congenitally blind individuals (Striem-Amit et al., 2015). An atlas-based approach can therefore be effective in identifying differences between groups, particularly when comparing with a neurotypical control group.

Structural differences in visual cortex in ACHM are important to consider when planning treatment, such as gene therapy to restore cone function to the eye. By adulthood, it is clear that deprivation of chromatic and foveal information has resulted in cortical remodelling, and it is difficult to establish from the literature whether this will limit the success of treatment or if sufficient plasticity remains into adulthood to permit the restoration of function. Research has shown that the volume and surface area of primary visual cortex mature earlier than other brain areas (Leuba and Kraftsik, 1994), completed by the end of the first postnatal year. Less is known about the rate of development of higher cortical areas, or whether structural changes in these areas will affect their ability to perform specialised visual functions. Given the rapid maturation of primary visual cortex, however, it seems advisable to apply any therapeutic interventions as early as possible.
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Purpose: There is a need for more intuitive perimetric screening methods, which can also be performed by elderly people and children currently unable to perform standard automated perimetry (SAP). Ideally, these methods should also be easier to administer, such that they may be used outside of a regular clinical environment. We evaluated the suitability of various methodological and analytical approaches for detecting and localizing VFD in glaucoma patients, based on eye movement recordings.

Methods: The present study consisted of two experiments. In experiment 1, we collected data from 20 glaucoma patients and 20 age-matched controls, who monocularly viewed 28 1-min video clips while their eyes were being tracked. In experiment 2, we re-analyzed a published dataset, that contained data of 44 glaucoma patients and 32 age-matched controls who had binocularly viewed three longer-duration (3, 5, and 7 min) video clips. For both experiments, we first examined if the two groups differed in the basic properties of their fixations and saccades. In addition, we computed the viewing priority (VP) of each participant. Following a previously reported approach, for each participant, we mapped their fixation locations and used kernel Principal Component Analysis (kPCA) to distinguish patients from controls. Finally, we attempted to reconstruct the location of a patient's VFD by mapping the relative fixation frequency and the VP across their visual field.

Results: We found direction dependent saccade amplitudes in glaucoma patients that often differed from those of the controls. Moreover, the kPCA indicated that the fixation maps of the two groups separated into two clusters based on the first two principal components. On average, glaucoma patients had a significantly lower VP than the controls, with this decrease depending on the specific video viewed.

Conclusions: It is possible to detect the presence of VFD in glaucoma patients based on their gaze behavior made during video viewing. While this corroborates earlier conclusions, we show that it requires participants to view the videos monocularly. Nevertheless, we could not reconstruct the VFD with any of the evaluated methods, possibly due to compensatory eye movements made by the glaucoma patients.

Keywords: visual field defects, glaucoma, eye tracking, free-viewing, viewing priority


INTRODUCTION

Screening for visual field defects (VFD) as well as monitoring their progression is critical in the management of many ophthalmic diseases, such as glaucoma. The risk for developing a VFD increases with age. It is crucial to detect its presence early on, especially in glaucoma patients who, eventually, will become blind if disease progression is not halted through treatment. The current gold standard method for detecting visual field defects (VFD) is standard automated perimetry (SAP). It requires the tested person to fixate their gaze on a single point and to press a button every time that they perceive a stimulus in the periphery of their visual field. This means that they have to maintain a high level of attention over a prolonged period of time. It is also required that the participant correctly understands the task. As a consequence, SAP is rather difficult to perform for children under the age of seven years, many elderly people, and people with attentional problems (1–3). This is problematic, as non-compliance will increase test duration and can negatively impact the precision of the measurement (4). Therefore, there is a need for screening tests which are easier to perform and more engaging than the current ones.


Exploiting Naturally Occurring Eye Movements to Monitor the Occurrence of VFD

One of the most difficult aspects of SAP is that the patient needs to fixate a single point while attending to stimuli appearing in their visual periphery. Rather, one's natural tendency would be to make an eye movement to such suddenly appearing stimuli. In our view, rather than asking the patient to suppress such reflexive tendencies, one should try to exploit these tendencies when screening for the presence of a VFD. Previous studies have attempted to simplify the gold standard perimetric test by instructing participants to make saccades toward the target stimuli presented in the periphery, instead of pressing a button while maintaining fixation. Previous studies found that the saccadic reaction time of glaucoma patients is significantly lower than those of normal-sighted controls and concluded that this feature could be exploited in a new type of perimetric screening test (5, 6). In our current study, our specific goal was to avoid giving our participants a task on which they had to focus, and present stimulus material that is naturally engaging for most people and that would evoke spontaneous viewing behavior. This is why we chose to show short video clips and simply asked our participants to just view and enjoy them, while we recorded their eye movements. If we could find differences in the free-viewing eye movement behavior of glaucoma patients and normal-sighted controls using this approach, this could result in a very intuitive way of screening for the presence of a VFD. Such an approach could potentially be more suitable for use in people that have trouble with performing SAP. However, such variegated target groups are less suitable for evaluating a new approach, which is why in the present study we focus on adult glaucoma patients.



VFD Influence Eye Movements

Previous research has shown that patients with VFD differ from normal-sighted controls in various eye movement features. However, these differences are often subtle and the results of studies could differ depending on their experimental paradigm. Observers with simulated VFD showed longer fixation durations during visual search (7). Moreover, Smith et al. (8) found that glaucoma patients made fewer saccades during visual search than normal-sighted controls. In contrast, Wiecek et al. (9) found no differences in participants with actual VFD, compared to controls, in search and fixation duration, saccade amplitude or the number of saccades made. These differences between visual search studies may be attributed to differences in experimental design and whether the VFD was real or simulated. While Cornelissen et al. (7) used computer generated search displays containing Landolt-C's and simulated the VFD, the other two studies used photographs of natural scenes, and included participants with actual VFD. However, the two latter studies differed in that they either recorded binocular (8) or monocular (9) viewing behavior. These examples suggest that differences in experimental design may strongly affect the outcome of studies on the influence of VFD on eye movements.



Cross Validating Previous Methods of Analysis

Previous studies have shown that it is possible to detect the presence of either real or simulated VFD based on free viewing eye movements (10–12). Moreover, simulated VFD could even be reconstructed based on an analysis of these free viewing eye movements (12). However, there have only been few studies on this topic and the methods that were used have not been cross-validated on different data sets. In addition, it is critical to verify whether results that have been achieved with simulated VFD can be replicated in participants with real VFD. It is known that patients experience their loss of sensitivity in the visual field differently from how VFD are simulated (13). Previously, we simulated the VFD by masking parts of the visual field with a gray-level bitmap, resulting in a VFD which was noticeable, instantaneous and blocked parts of the visual field completely (12). A real glaucomatous VFD does not have any of these attributes. Often, glaucoma patients are not even aware of their VFD due to their brain filling-in the missing information (14). The consequence of filling-in on viewing behavior is unknown. Therefore, while it is obvious that simulated and real VFD differ in many ways, the consequences thereof, for our ability to use eye movements to detect VFD, is not. Consequently, it is critical to evaluate whether analysis methods are also suitable for detecting VFD in actual patients.

The present study consists of two experiments with slightly different paradigms. For our first experiment, we collected eye movement data from 20 glaucoma patients and 20 age-matched controls, who watched 28 video clips of 1-min length with one eye. In the second experiment, we reanalyzed a data set (15) in which 44 glaucoma patients and 31 controls watched three different video clips of varying length with both eyes simultaneously. All glaucoma patients who participated in these two experiments had asymmetrical visual field loss, which meant that the state of their visual field changed depending on whether they viewed the stimulus with one or with both eyes.

We hypothesized that the free-viewing eye movements of the glaucoma patients, made while viewing video clips, would differ from those of normal-sighted controls. More specifically, we tested whether we could detect and localize the VFD. Since our comparison will be to gold standard SAP, which is performed monocularly, in experiment 1 we choose to record viewing behavior monocularly. This will allow us to compare the VFD reconstruction based on viewing behavior to visual field sensitivity as determined by SAP. In contrast, the eye movement data of experiment 2 was recorded during binocular viewing. A comparison over studies may allow us to answer if using one or two eyes to view videos leads to different viewing behavior in patients and which approach is most suitable for screening for VFD. We performed nearly identical analyses on both data sets. This way, we could determine which analyses, experimental conditions and video materials best separate patients and controls.

First, we compared the group medians of different basic eye movement features. We also compared the viewing priority (VP) of the two groups (16). VP can be used to express the similarity in the viewing behavior of an individual to that of a peer-group of observers watching the same movie, while taking into account any inherent biases (e.g., center bias) in viewing behavior that may be present (e.g., induced by the use of a specific set-up, such as a screen). The VP algorithm takes the viewing behavior of a large group of observers, both made during a specific movie and during a number of other movies, as the starting point for its comparison. The VP of a given fixation is calculated using fuzzy c-means clustering. First, the distance to a set of reference fixations is measured. Reference fixations are fixations made by other observers during the same time interval, while watching the same video clip. This means that we compare the locations of fixations of one participant to those of other participants, while they are viewing the same content. In addition, the distance of the reference fixations to a set of random fixations are calculated. Random fixations are fixations made by other observers during the same time interval, while watching a different video clip. In summary, VP measures the similarity of the viewing behavior of a selected observer to and a reference group, while taking into account content independent biases.

In addition, we cross validated and replicated another method of analysis which had previously been used to separate glaucoma patients and controls, namely kernel principal component analysis (kPCA) in combination with naive Bayes classification (10). In kPCA, the original data, in the case of this study the proportion of saccade end points in a grid across the visual field, is transformed into a higher dimensional space, where it can be linearly separated. For the purpose of this study, it would be ideal if the patients could be separated from the controls in this new space.

In addition to separating the two groups, we attempted to reconstruct the location of the VFD using two different methods. We computed the distribution of the VP and the distribution of fixation frequency over the visual field aiming at identifying damaged regions in the visual field based on a reduced VP or a deviating frequency of fixation from the control group.

The underlying assumption of this analysis is that patients with VFD would systematically miss salient information in damaged parts of their visual field, due to a reduction in the bottom-up information. As such, in the absence of any compensatory strategies, they would be expected to make fewer saccades toward the damaged part of their VF. Using a top-down strategy, patients may try to compensate for their VFD by frequently directing their gaze toward the damaged parts of the visual field. If successful, the distribution of fixations across the visual field would not differ between patients and controls. In fact, a patient may even fixate the damaged parts of the visual field more frequently than the controls. However, in such a case, the viewing priority in the damaged areas of the visual field of the patients would be lower, because such compensatory eye movements would not necessarily be directed at conspicuous events or parts in the scene.

Next, the methods and results for each of the two experiments will be described in separate sections. In the discussion, we will compare and discuss the results of the two experiments.

Experiment 1: Monocular eye movements under free-viewing conditions of glaucoma patients compared to those of normal sighted observers.

Experiment 2: Binocular eye movements under free-viewing conditions of glaucoma patients compared to those of normal sighted observers.




EXPERIMENT 1: MONOCULAR EYE MOVEMENTS UNDER FREE-VIEWING CONDITIONS OF GLAUCOMA PATIENTS COMPARED TO THOSE OF NORMAL SIGHTED OBSERVERS


Methods
 
Summary

In this experiment, we collected eye movement data of glaucoma patients and age matched controls, who each viewed a large number of short video clips. We occluded one eye, with the aim of eliminating any putative compensation of the VFD between the two eyes in the glaucoma patients, and obtaining results under similar conditions as in SAP.

Showing short video clips also allowed us to analyze the eye movement features for each clip separately and investigate the influence of video content on eye movements.



Participants

We collected data from 31 glaucoma patients and 32 controls. The patients with VFD had a mean age of 64 years (range: 40–81 years) and the controls had a mean age of 60 years (range: 35–83). Details can be found in Table 1. All participants had normal or corrected to normal visual acuity. We had to exclude the data of 11 glaucoma patients and 12 controls, due to an inability of the eye tracker to continuously measure the gaze position, due to a loss of the pupil or the corneal reflection. This was the case for participants (Glaucoma patients and controls) who wore multifocal glasses, participants with drooping eyelids or participants who had artificial lenses. As the eye tracker could not be used with multifocal glasses, we replaced them with a pair of trial lenses from the ophthalmology clinic, with the appropriate correction. However, this did not always enable the eye tracker to acquire data continuously.


Table 1. Characteristics of the participants.

[image: Table 1]

The ethics committee of the UMCG approved the study protocol. All participants provided written informed consent. The study followed the tenets of the Declaration of Helsinki.



Procedure

All participants watched 28 different video clips of 1-min length with one eye. The clips were taken from different types of videos, such as motion pictures, nature documentaries or comic films. The list of videos from which they were taken is provided in the Supplementary Table 1.

At the beginning of each session, we performed a standard 9-point calibration choose with which eye the participant would perform the experiment at random. Next, we performed a standard 9-point calibration using the built-in routines of the tracker and tested if we could obtain an accurate calibration. In case we could not obtain an accurate calibration, we also obtained the calibration accuracy for the other eye and performed the experiment with the most accurately calibrated eye. Details on the visual field of the glaucoma patients and on which eye was tracked in the experiment can be found in Table 2. Participants were seated at 60 cm distance from the screen and were asked to place their head in a chin rest. They were asked to view the video clips as they would normally. We gave the participants the opportunity to take a break after each video clip.


Table 2. This table shows the age, gender, with which eye they performed the experiment, the MD value of the tested and the covered eye and the IVF score of each glaucoma patient.

[image: Table 2]

The clinical data of the patients (visual fields and visual acuity) was obtained from their medical record at the UMCG. For the control group, either before or after they viewed the video clips, we measured eye pressure, visual acuity, and used a frequency doubling technology (FDT) perimeter-based screening and an OCT image to rule out the presence of glaucoma and/or a VFD. In FDT, the participant has to fixate in the middle of the stimulus display, while flickering achromatic sinusoidal grating of low spatial frequency is presented. The participant has to press a button when they see a stimulus. A deviant FDT score is indicative of putative retinal ganglion cell damage associated with glaucoma (17). In addition, we performed a Montreal cognitive assessment test (18) with all participants to rule out the presence of cognitive deficits.



Stimulus Presentation and Eye Tracking

We presented the video clips full-screen on a 50 cm by 35 cm (1,920 × 1,080 pixel) display (BenQ Zowie xl2540). Participants viewed the screen from a distance of 60 cm, such that it covered a visual field of 45.2 × 32.5 deg (of visual angle). One eye of the participants was covered with a standard ophthalmic eye patch. Monocular eye movements were recorded with an Eyelink 1000 and an Eyelink duo eye tracker (SR Research) at 1,000 Hz. The host PC was connected to a laptop running MATLAB (Version 2017b, MathWorks, Natick, MA) with the Psychtoolbox (19, 20) and the Eyelinktoolbox (21) via Ethernet. All video clips were presented in the same order for each participant. The procedure was controlled by a custom Matlab script.



Selection of the Video Clips

We used a subset of the movies shown in Gestefeld et al. (12). The movies were selected because, based on data recorded in the experiment of Gestefeld et al. (12), they resulted in different viewing behavior in observers with and without various simulated VFD.

The video clips we used for this study were selected based on the classification performance of a k-nearest neighbor (kNN) classifier distinguishing between four different classes (the three different simulated glaucoma archetypes and the control conditions) using data from each video clip. We then selected the video clips which showed a classification performance of ≥50%. This resulted in 28 1-min video clips.



Data Analysis
 
Fixations and Saccades in Visual Field Coordinates

The Eyelink 1000 processes the raw data using its built-in algorithms to define fixations and saccades. Saccades were defined using a velocity threshold of 30 deg/s. and an acceleration threshold 8,000 deg/s2. All other eye movement data was classified as a fixation. We used this pre-processed data for further analysis. The fixation location and saccade start and end points were provided as x-y coordinates on the screen, where the origin of the screen was the top left corner.

As the location of the visual field changes its location with every eye movement with respect to the scene, we define its origin at the starting point of each saccade. When analyzing fixations, we define the center of the visual field at the location of a fixation at a certain time point. The position of the next fixation was then determined with respect to this fixation of which the location was the origin of the coordinate system. In terms of these visual field coordinates, eye movements to the left result in a negative coordinate along the x-axis and downward eye movements result in a negative coordinate along the y-axis.



Basic Eye Movement Features

We first computed the mean fixation duration, the number of fixations, the mean saccade amplitude and the mean saccade velocity over all video clips for each subject and compared the two groups using a Wilcoxon-Mann-Whitney signed-rank test. A p-value of p < 0.05 was regarded as significant. As we compared three basic eye movement and, in a later analysis step, the VP of the two groups we corrected for four measurements. After Bonferroni correction for multiple comparisons a p-value of p < 0.013 was regarded as significant.




Comparison of Directional Saccade Amplitudes of Glaucoma Patients and Controls

Then we tested if the directional saccade amplitudes of individual glaucoma patients differed from those of the control group. We first estimated a “normal” range of median and maximum saccade amplitudes by computing them for all participants in the control group. We then determined whether the median and maximum saccade amplitude of each patient with VFD stayed within this “normal” range.

More precisely, we computed the median and maximum saccade amplitudes of each participant in 18 bins of 20 deg of visual angle, spanning 360 deg. For each of the glaucoma patients we computed the rank of the median and maximum saccade amplitude relative to those of the controls in the same directional bin. The rank order was normalized by dividing it by the number of controls, so that it ranged between 0 and 1.We then plotted the rank of the saccade amplitude in each direction and marked the upper and lower 2.5% of the normalized ranks with a dashed line (see Figure 2).

To see if patients with similar types of VFD, in the eye that they used to watch the video clips, showed similar patterns in directional saccade amplitudes, we split our patients into six different groups according to the VFD in the tracked eye: peripheral VFD (scotoma outside the central 10 deg), nasal arc, large peripheral VFD (tunnel vision), VFD affecting the periphery and the central 10 deg of the visual field, almost complete blindness and intact visual field. We did not perform any statistical inference tests, as we only had small groups of participants with a similar type of VFD.



Viewing Priority

We calculated the viewing priority (VP) with the aim to determine whether the fixation locations of (individual) glaucoma patients differ systematically from those of the normal-sighted controls. We expect to find an overall lower VP in glaucoma patients, if they frequently fail to direct their gaze toward parts of the visual scene, which get fixated by the control group. In addition, we could use the VP to localize damaged parts of the visual field, if the VP of fixations after eye movements toward the damaged parts of the visual field was systematically decreased.

We extracted the fixations of each participant from the pre-processed data and computed the VP for each of them (12, 16). To compute the VP of a fixation by one of our participants, we need a “reference set” of fixations and a “random set” of fixations, both consisting of fixations made by other participants. The more densely the reference fixations are clustered in the same region, compared to the random fixations, and the closer the fixation of interest is located to the reference fixations, the higher is the VP.

For both reference and random data set we used fixations made by the control group, because we know that the viewing behavior of normal-sighted observers during movie viewing is very consistent, with the fixations of most observers clustering in the same areas of a scene. Also, the aim of this study is to identify deviances of the glaucoma patients viewing behavior from normal viewing behavior. VP provides a very straight-forward way to identify them.

We averaged the VP value from all fixations of each trial for each participant and used a Wilcoxon-Mann-Whitney test to compare the ranks of the two groups. After Bonferroni correction, a p-value <0.002 was regarded as significant. In addition, we computed the Pearson's correlation coefficient of the VP and the severity of the VFD. More precisely, we correlated the VP with the mean deviation (MD) of the luminance sensitivity (in dB) from normal as measured by SAP.

Firstly, we used the MD of the tracked eye. Secondly, we correlated the VP with the MD of the two eyes combined. To calculate the severity of the two eyes combined, we used two different measures. The first one was simply the mean MD of both eyes and the second one the integrated visual field score (IVF score), as described in (22).

The IVF score is calculated by taking the maximum contrast sensitivity of each overlapping location in the visual field as the contrast sensitivity of that location. From this combined visual field, the 52 locations that make up the integrated visual field were considered in turn. A location got a score of 0 if it exhibited a measured threshold severity of ≥20 dB, scored one if it had a threshold between 10 and 19 dB, and scored 2 for a threshold below 10 dB.

Lastly, we compared the VP to the between eye difference in MD of the open and the close eye. If the difference is positive, it means that the patient watched the clips with their better eye.



Comparison of the Spatial Distribution of Eye Movement Features in the Visual Field Between Groups

The method used in this section is a partial replication of Crabb et al. (10), who previously used kernel principal component analysis (kPCA) in combination with a naive Bayes classifier to separate participants with and without VFD. As we did not have enough data to use machine learning, we only applied kPCA and visualized the results.

First, we defined a grid spanning the part of the visual field in which most eye movements occurred, given that the observer has an intact visual field. This area was determined by computing the median saccade amplitudes of the control group in 18 bins of 20 deg of visual angle, adding two standard deviations. To fit a rectangular grid over this area it needs to cover 21 deg half angle in the horizontal directions and 11 deg half angle in the vertical directions. The bin size was 2 deg of visual angle, as this bin size had also been applied by Crabb et al. (10). For each trial we counted the number of fixations that fell into each bin and divided the number by the maximum value of all bins so that the values range between zero and one.

We then computed the Euclidean distances between the fixation maps coming from the same video clip of different observers. The mean (meanDist) and the maximum (maxDist) of these distances were then used to construct the kernel matrices to transform the data into the feature space. We constructed one kernel of two participants i and j considering the data from all video clips using the following formula

[image: image]

In addition, we computed one kernel per video clip of two participants i and j using the Euclidean distance (Dist) between the fixation maps of the respective video clips. We used the following formula:

[image: image]

After transforming the data into feature space, we plotted the data along the first two feature axes to visualize the distances between the fixation maps of the different participants. If the spatial distribution of fixations between the two groups is different, the transformed data should form separable clusters in the new feature space.



Reconstructing the VFD Based on the Spatial Distribution of Eye Movement Features in the Visual Field

To test if we could reconstruct the location and shape of the VFD, we computed the average VP and the distribution of the relative fixation frequency across the visual field in a continuous manner.

To compute the distribution of VP across the visual field, we collected the fixation locations of all trials per participant and computed a fixation heat map, where each fixation was modeled as a Gaussian with a standard deviation of 1 deg. The standard deviation of the Gaussian reflects the accuracy of the eye movement data that measure the position of the eye with an error of up to 0.5 deg of visual angle. Hence, the Gaussian reflects the potential measurement error in each direction. It also reflects the size of the area in which the participants can see detail, as it is approximately the size of the foveal part of the visual field. We weighted this fixation heat map by the VP values, as well as a fixation map, where only the Gaussians were added up. We then divided the two maps, ending up with a map depicting the distribution of average VP values across the visual field.

To compute maps showing the relative frequency of fixations, with respect to the controls, we again computed heat maps of fixations as described above. We computed one map for each participant, averaged over all trials and z-normalized the data. For each glaucoma patient we then counted how many controls had a smaller proportion of fixations in the same location of the visual field and divided this number by the number of control participants. This way, we obtained a map showing the distribution of fixations of each patient in relation to the control group as a normalized rank value, ranging between 0 and 1.

To be better able to relate the contrast sensitivity of the visual field, as measured with the HFA to the relative frequency of fixations in the visual field of the patients, we performed the same analysis as described above with the modification to compute the relative fixation frequency in discrete bins.

We defined a grid spanning 30 deg of visual angle divided into bins of 6 deg, analogous to the test locations of the HFA SITA 30-2 visual field test, which we obtained from the patient's clinical dossier. We correlated the relative proportion of fixations in each bin with the contrast sensitivity values measured at the same location in the visual field. Then, we computed the proportion of fixations that fell into each bin averaged over all trials of each participant and compared the discrete fixation map of each patient to the fixation maps of the controls. We then obtained a relative fixation frequency map per bin.

We plotted the sensitivity value against the proportion of fixations of each location and fit a regression line through the points.



Statistical Testing

We assessed the median values per eye movement feature of each individual participant and compared the two groups using Mann-Whitney non-parametric testing. A p-value of ≤ 0.05 was considered statistically significant.




Results
 
Basic Eye Movement Features

The median fixation duration was 310.96 ms (SD = 60.26 ms) for the control group and 298.94 ms (SD = 83.64 ms) for the VFD group. The Wilcoxon-Mann-Whitney test showed no significant difference between the two groups for this feature (p = 0.694, z-score = 0.39). The median saccade amplitude was 5.42 deg (SD = 0.87 deg) for the control group and 4.49 deg (SD = 1.63 deg) for the VFD group. The p-value of the Wilcoxon-Mann-Whitney U-test was p = 0.025 (z-score = 2.25), which was not significant after Bonferroni correction. The median saccade velocity was 75.14 deg/min (SD = 34.56 deg/min) for the control group and 48.81 deg/min (SD = 40.93 deg/min) for the VFD group. The Wilcoxon-Mann-Whitney test showed no significant difference between the two groups for this feature (p = 0.081, z-score = 1.74). Figure 1 shows box and whisker plots for each of the three features for patients and controls, with circles representing the values of individual participants.


[image: Figure 1]
FIGURE 1. Box and whisker plots showing the means and 25–75 percentiles of three different eye movement features of glaucoma patients and controls. Circles represent the results of individual participants. The glaucoma patients showed significantly lower saccade amplitudes than the control group.




Comparison of Directional Saccade Amplitudes Between Patients and Controls

We tested whether the location of the VFD has an influence on saccade amplitudes by comparing the saccade amplitudes in 18 different directional bins of each patient and the control group. We hypothesized that the saccade amplitudes that patients made toward directions in which a VFD was located would differ from the saccade amplitudes of the control group toward the same location. We tested this hypothesis by computing the ranks of the directional saccade amplitudes of each patient with VFD compared to the control group. Figure 2 shows in which directions the median and maximum directional saccade amplitudes of representative glaucoma patients differ from those of the control group. It shows their ranks relative to the saccade amplitudes of the control group. As a reference, it also shows the average VP of this patient over all trials and the visual field sensitivity of both eyes.


[image: Figure 2]
FIGURE 2. This figure consists of a series of panels, each for a group of patients with different VF characteristics. In each panel, the first column shows the visual fields of the patient as measured by SAP, with darker areas representing the less sensitive areas of the visual field. The first one is the visual field of the eye used during the experiment and the second one is the covered eye. The second column lists the average VP of the patient. The left figure in the third column shows the median saccade amplitude in 18 different directions for individual patients, connected with a blue line. For comparison, we also show the saccade amplitudes of the control group. The scattered red line represents the minimum and the maximum of the saccade amplitudes of the control participants per direction. The figure on the right shows, in terms of saccade amplitude per direction, the normalized rank of the saccades of the patient amongst those of the controls. Red lines represent the boarders at which the rank is above or below the upper and lower 2.5% of the control group. In the fourth column, the figures show the same for the maximum saccade amplitude. (A) Patients with peripheral visual field loss in the tracked eye. The first two patients have large VFD in their covered eyes. (B) Patients with a nasal arc or other small VFD, which were closer to the center than the VFD of the patients in the first group. (C) Patients with VFD that approximate tunnel vision in the tracked eye. (D) Patients with large VFD in various parts of the visual field. (E) Patients who are almost blind. (F) Patient, with an intact visual field of the tracked eye.


Patients with peripheral VFD in the tracked eye, as shown in panel 2a, mostly showed similar saccade amplitudes to the control group. However, the second patient in panel 2a displayed lower median saccade amplitudes than the control group in several directions, with ranks of those saccade amplitudes being below the 5% lowest saccade amplitudes of the controls.

The first patient shown in panel 2b showed smaller median saccade amplitudes than the control group, except in the directions where the VFD in the tracked eye was located. The second patient in panel 2b showed similar median saccade amplitudes to the control group, making the largest saccades toward the area of the nasal arc.

The patients with tunnel vision in the tracked eye, shown in panel 2c showed lower median and maximum saccade amplitudes compared to the control group in all directions.

The first patient in panel 2d, with a large VFD in the tracked eye, that also reached the center of the visual field, showed similar median saccade amplitudes to the control group, but reduced maximum saccade amplitudes. The second patient in panel 2d showed similar median and maximum saccade amplitudes as the control group, except in the vertical directions. The upwards and downwards saccade amplitudes are larger than those of the control group.

Panel 2e shows two patients, who were almost blind in their tracked eye. They showed similar median and maximum saccade amplitudes to the controls. The first one shows median saccade amplitudes above the average of the control group, while the second one shows median saccade amplitudes below the average of the control group. But both of them remain within the 95% confidence interval of the control group.

Panel 2f shows the patient who performed the experiment with their intact eye. This patient displayed slightly shorter median and maximum saccade amplitudes than the controls, especially toward the top-left and lower right quadrant of the visual field.



Viewing Priority

We compared the median VP of patients and controls to test if the scan paths of the two groups differed when viewing the different video clips using a Wilcoxon Mann Whitney test.

The median VP value of the control group was 0.91 (SD = 0.06) and the median VP of the glaucoma group was 0.76 (SD = 0.21). The group medians in VP of the two groups are significantly different when taking the average VP over all trials (p < 0.001, z-score = 4.34). Figure 3A shows these results as a boxplot. When computing the average VP per trial we found that the group median of the glaucoma patients was significantly lower (p < 002) for 22 out of 28 movie clips. Boxplots showing the range of VP values and the group medians for the control group and the glaucoma group of exemplary video clips can be seen in Figure 3B.


[image: Figure 3]
FIGURE 3. Box and whisker plots showing the median VP values of glaucoma patients and controls (A) averaged over fixations of all trials and (B) averaged over fixations of single video clips. The median VP of the two groups differed significantly (p < 0.05) in all but one movie clip.


While the group median VP of the patients was reduced compared to the control group, Figure 3 also shows that there is a high variance in VP among the patients with VFD. We correlated the average VP of the patients with VFD with measures indicating the severity of the visual field damage obtained by SAP to determine which factors could potentially influence this variability. Figure 4 shows the correlation of the VP values with the MD of the tracked eye, the IVF score and the difference of the MD of the two eyes. We found no correlation between the VP value averaged over all trials and the MD of the tracked eye (Pearson's r = 0.03). We found a weak correlation between the VP values averaged over all trials and the IVF score (Pearson's r = 0.11) and we found a moderate correlation between the VP values averaged over all trials and the difference in MD between the measured and the covered eye (Pearson's r = 0.39).


[image: Figure 4]
FIGURE 4. Boxplots showing (A) the correlation between the VP value and the MD value of the measured eye of the participants with VFD, (B) the correlation of the IVF score and the VP, and (C,D) the correlation of the difference between the MD value of the measure.


When averaging the VP value over data of individual video clips, the correlation coefficients varied strongly between video clips. Some representative examples of data from different video clips are shown in Figure 4B.



Spatial Distribution of Eye Movement Features in the Visual Field Used to Distinguish Between Patients and Controls

Figure 5 shows the projection of the fixation maps onto the first two most significant feature axes from the kPCA using the data of all video clips and representative examples of using data from individual video clips. kPCA transforms the original data (maps of the visual field) onto a new space, in this case using the distances between individual visual field maps for the kernel matrix. If patients with VFD can be separated from controls, the two groups should form two separable clusters in this new feature space.


[image: Figure 5]
FIGURE 5. The fixation maps of each participant projected onto the two axes of the high dimensional kernel space with the highest covariance. We used (A) the mean and the maximum Euclidean distance between all fixation maps of each participant for the kernel and (B) the distance between fixation maps of individual video clips. These are representative examples.


When performing the kPCA considering all trials of each subject, the first two significant feature axes accounted for 25% of the variance in the data. Figure 5A shows that the two groups projected onto these feature axis overlaps, while more of the data points representing participants of the glaucoma group cluster on the right side of the plot, where the first feature is positive. The majority of the data points representing participants of the control group is located on the left side of the plot, where the first feature is <0. When performing the kPCA per video clip, we found that the first two feature axes together explained between 28 and 36% of the variance, depending on the video clip. The variance explained of the third feature was much lower with around 7%. Figure 5B shows that the two groups tend to separate along the first feature axis when we project data of individual video clips. However, the data of some video clips.



Spatial Distribution of Eye Movement Features in the Visual Field Used to Reconstruct the VFD

We found that in the control group the intact visual field is correlated with an evenly distributed, high VP across the visual field. Individual glaucoma patients showed a large variability in the distribution of VP across the visual field. Both findings are shown in Figure 6, which depicts the distribution of VP across the visual field of one representative control participant and several glaucoma patients. The distribution of the VP depended to some degree on the location and severity of the VFD. Patients with large peripheral VFD displayed a lower VP in the periphery of their visual field. In other glaucoma patients, the distribution of the VP does not correspond to their VFD. Figure 6B shows some representative examples.


[image: Figure 6]
FIGURE 6. (A) Representative example of the distribution of VP across the visual field of a control participant. (B) Representative examples of VP maps of participants with different types of VFD. The distribution of the VP usually does not correspond to the sensitivity values of the visual field, except for the participant with tunnel vision, which is due to the fact that they never direct their gaze toward the periphery and therefore have a VP of 0 in these areas.


In addition, we tested if the distribution of fixations across the visual field of glaucoma patients, differed systematically from the distribution of fixations of the control group, in such a way that it correlates with the location of the VFD. If glaucoma patients directed their gaze significantly more or less frequently toward damaged areas of the VFD, the distribution of fixation frequency could be used to localize VFD. Figure 7 shows that, similar to the distribution of the VP, the different glaucoma patients showed a lot of variability in the distribution of fixations across the visual field. Patients with a large peripheral VFD made significantly fewer eye movements toward the periphery than the control group, which led to a relative fixation frequency map that matched the sensitivity of their visual field. In other glaucoma patients, the relative distribution of fixations across the visual field did not correspond to the distribution of sensitivity.


[image: Figure 7]
FIGURE 7. The differential fixation maps of the same patients. A value higher (lower) than 0.5 means that the patient made more (less) eye movements toward a part of the visual field than the control group.




Correlation Between the Measured Sensitivity by the HFA and the Fixation Frequency

There was no correlation between the location of the VFD and the frequency in which different regions of the visual field were fixated. The mean correlation coefficient between the relative fixation frequency and the sensitivity values was: Pearson's r = 0.160 (minimum: Pearson's r = −0.138, maximum: Pearson's r = 1.289). This is also shown in Figure 8, where we plotted the relative fixation frequency and the sensitivity values in discrete regions of 6 deg over a visual field spanning 30 deg half angle of representative example patients.


[image: Figure 8]
FIGURE 8. Three examples showing the correlation between sensitivity and the relative frequency of fixating in a discrete region in the visual field.






EXPERIMENT 2: BINOCULAR EYE MOVEMENTS UNDER FREE-VIEWING CONDITIONS OF GLAUCOMA PATIENTS COMPARED TO THOSE OF NORMAL SIGHTED OBSERVERS


Methods
 
Summary

In this experiment, we analyzed a data set collected at City College, London, published by (15) using a similar pipeline as in experiment 1. In this experiment, eye movement data was collected for glaucoma patients and age matched controls who each viewed three different video clips with both eyes.



Participants

We used the data set published by Asfaw et al. (available at https://doi.org/10.5281/zenodo.1156863). They had collected data of 44 people with glaucoma recruited via the ophthalmology clinics at Moorfield's Eye Hospital NHS Foundation Trust, London using an Eyelink 1000 eye tracker (SR Research Ltd., Ontario, Canada). All patients had an established clinical diagnosis of chronic open angle glaucoma (COAG) for at least 2 years and were between 50 and 80 years of age. They had different VFD in each eye. More details concerning the state of their visual field can be found in the publication of the data set. Thirty-two healthy people (controls), of a similar age to the patients, were recruited from the City University London Optometry Clinic. The dataset provides ophthalmic information on each participant (visual acuity, contrast sensitivity per location of each eye, and visual field loss as MD value), raw eye movement data, as well as the eye movement features (fixation locations, fixation duration, start and end points of saccades, saccade amplitude and peak velocity, and pupil area) recorded while they viewed movies. We used the processed eye movement data in the following analysis.



Stimulus Materials

Participants viewed three different video clips presented on a 54 cm monitor (Iiyama Vision Master PRO 514, Iiyama Corporation, Tokyo, Japan) at a resolution of 1,600 by 1,200 pixels (refresh rate 100 Hz). The first video clip was part of an entertainment program called Dad's Army (BBC Television) 309 s long and covered the full screen (subtending a half-angle of 20.3 deg by 14.9 deg). The second film clip was taken from “The History Boys” (Twentieth Century Fox) and 200 s long. The third clip was taken from a sports program “2010 Vancouver Winter Olympics Men's Ski Cross” (BBC Television) and 436 s long. The last two clips were recorded at a 16:9 ratio, therefore they contained black rectangles at the top and bottom of the screen. They subtended a half-angle of 17.3 deg by 10.6 deg.



The Integrated Visual Field (IVF)

Participants viewed the movies with both eyes open. This means that they viewed the video clips with their integrated visual field (IVF). We computed the sensitivity value of each location in the IVF by merging the provided sensitivity values of corresponding locations in each eye. The sensitivity values had been measured with a Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, CA, USA), with a standard 24-2 grid and the Swedish Interactive Testing Algorithm (SITA). We used a best location approach to determine the sensitivity of each location in the IVF, meaning that we selected the highest sensitivity value among the two eyes as the sensitivity of the IVF (23).

We used the IVF as the reference for visual field sensitivity. For each glaucoma patient, we calculated the integrated visual field score (IVF score) as defined by (22). The IVF score is a summary measure of the state of the IVF, with a higher IVF indicating more severe damage to the visual field.




Eye Movement Data Analysis
 
Fixations and Saccades in Visual Field Coordinates

Analogous to experiment 1, saccades were defined using a velocity threshold of 30 deg/s and an acceleration threshold 8,000 deg/s2 using the Eyelink's built-in algorithm. All other eye movement data was classified as a fixation. The processed eye movement data (fixation location, saccade start and end points) were provided as x-y coordinates on the screen, where the origin of the screen was the top left corner.

We defined the locations of the saccade start and end points and the fixations in the same way, as described in experiment 1.



Basic Eye Movement Features

To get a first impression of differences in eye movement behavior between the two groups, we computed the mean fixation duration, the mean saccade amplitude and the mean saccade velocity over all three video clips. We compared the two groups using a Wilcoxon-Mann- Whitney U-test. As in experiment 1, Bonferroni corrected p-value of 0.013 was regarded as significant.



Comparison of Directional Saccade Amplitudes of Glaucoma Patients and Controls

To compare the directional saccade amplitudes between individual patients and controls, we performed the same analysis as in experiment 1, with the small difference that we compared the saccade amplitudes to the IVF instead of the visual field of one eye. First, we computed the median and maximum saccade amplitudes of each participant in 18 different directional bins. We compared the saccade amplitudes per bin of each patient to those of the controls. To evaluate if patients with similar kinds of VFD in their IVF showed similar saccade amplitudes, we defined four different groups of patients, according to size and location of the VFD. The first one included patients with small peripheral VFD, as occur in early stages of glaucoma. The second one included patients with a VFD in the upper half of the visual field. The third group consisted of patients with large peripheral VFD (tunnel vision), as occur in late stages of the disease. The fourth group consisted of patients with a VFD in the central part of the visual field. For each patient's median and maximum saccade amplitudes, we computed their ranks among the saccade amplitudes of the controls in the same directional bin and divided it by the number of control participants, so that it ranged between zero and one. Again, we did not perform any statistical inference tests, as we only had a small groups of participants with a similar type of VFD in their IVF.



Viewing Priority

We extracted the fixations of each participant from the pre-processed data and computed the viewing priority (VP) for each of them (12, 16). As in experiment 1, we used fixations made by the control group both as the reference and as the random set of fixations.

We averaged the VP value from all fixations of each trial for each participant and compared the two groups using a Wilcoxon-Mann-Whitney U-test. As participants had watched three video clips, in this experiment, we corrected for three repeated measures. A Bonferroni corrected p-value of 0.017 was regarded as significant. In addition, we computed the correlation coefficient of the VP and the integrated visual field score (IVF score) as defined by (22) of each glaucoma patient. We hypothesized that a more damaged IVF would result in a lower VP.



Comparison of the Spatial Distribution of Eye Movement Features in the Visual Field Between Groups

1. Replication and extension of the analysis of Crabb et al. (10):

First, we transformed all eye movement features into visual field space. Following Crabb et al. (10), we computed “saccade maps” on a grid of 12 by 10 deg half angle that was subdivided into 2x2 degree bins. The grid excluded the central four bins, thereby ignoring fixations that occurred after a very short saccade. We computed the proportion of saccades that ended in each bin. In addition to replicating their analysis, we extended it by also computing “fixation distribution maps” and “VP maps.” To compute the fixation distribution maps, we also included the proportion of fixations that followed a saccade into the central four bins. For the VP maps, we computed the average VP in each bin.

We transformed the saccade and fixation maps into a high dimensional feature space using kernel PCA with a Gaussian kernel, where the distance between any two participants i and j was determined with the following kernel: [image: image].

For the VP maps we used the following kernel: [image: image]. The Gaussian distribution has a larger variance, because the values in these maps also had a larger variance.

MeanDist and maxDist were the mean and maximum of the Euclidean distances of the respective feature maps. In addition, we again performed the kPCA on each of the trials separately, computing the Euclidean distance (Dist) between the fixation maps of the respective video clips, using the following kernel: [image: image].

For each movie, we visualized the first two dimensions of the transformed data in the kernel feature space. Finally, we used the first five dimensions of the projected data as input to train a naïve Bayes classifier. The classifier was trained and validated using 10-fold cross validation, training on 90% of the data and testing on the remaining 10%.

2. Application of the method used in experiment 1

In experiment 1, we had used a grid that included 95% of the saccade end points. To achieve the same on this data set, we calculated the mean saccade amplitude plus two standard deviations in the horizontal (left and right) and vertical directions (up and down) in the control group. To create a symmetric grid, the maximum value of these four values was used. This resulted in an 8 × 10 bin grid of 16 by 20 deg of visual angle, with bin size set to 2 deg horizontally and vertically. We then computed the number of fixations that fell into each bin per video clip and divided it by the maximum value in the grid. To compare this approach to the analysis in experiment 1, we applied the kPCA and visualized the first two feature axes in kernel space. We performed kPCA using the same kernels as in experiment 1. We first computed the Euclidean distances between their fixation maps and used the mean distance (meanDist) and the maximum distance (maxDist) between their fixation maps to construct the following kernel between the participants i and j: [image: image].

In addition, we applied the kPCA to the fixation maps of each video clip individually by first computing the Euclidean distance between the fixation maps of the respective video clip. Two participants i and j were then separated using the following kernel: [image: image].



Reconstructing the VFD Based on the Spatial Distribution of Eye Movement Features in the Visual Field

We tested whether we could use the spatial distribution of the VP and the relative fixation frequency to reconstruct the VFD in the IVF of the patients. To be able to compare the two eye movement features to the sensitivity of the IVF, as measured by the combination of the 24-2 visual fields of the two eyes, we computed VP maps of the central 24 deg of the visual field, divided into 6 × 6 deg bins. To construct VP maps, we computed the average VP of all fixations that fell into a bin.

To construct the maps depicting the relative frequency of fixations, for each participant we summed up all fixations that occurred in one bin and divided them by the total number of fixations. We then compared the proportion of fixations that fell into each bin of one glaucoma patient to the proportions of fixations that fell into the same bin of each of the control participants. We counted how many controls had a smaller proportion of fixations in the same location of the visual field than the respective patient and divided this number by the number of control participants. This resulted in the proportion of fixations per location of that patient being depicted as a rank, ranging between 0 and 1. A value close to 1 meaning that they fixated this area more frequently than the controls.




Results
 
Basic Eye Movement Features

Figure 9 shows that the group medians did not differ significantly on any of the basic eye movement features we investigated. The median fixation duration of the control group was 266 ms (SD = 44.92 ms) and 281.75 ms (SD = 45.48 ms) for the patients with VFD. The Wilcoxon-Mann-Whitney test did not show a significant difference in fixation duration between the two groups (p = 0.113, z-score = −1.584). The median saccade amplitudes of the control group was 2.41 deg (SD = 0.57 deg) and 2.48 deg (SD = 0.58 deg) for the patients with VFD. The Wilcoxon-Mann-Whitney test did not show a significant difference in saccade amplitude between the two groups (p = 0.793, z-score = −0.263). The median saccade velocity of the control group was 212 deg/s (SD = 60.07 deg/s) and 202.25 deg/min (SD = 47.77 deg/min) for the patients with VFD. The Wilcoxon-Mann-Whitney test did not show a significant difference in saccade velocity between the two groups (p = 0.511, z-score = 0.658).


[image: Figure 9]
FIGURE 9. Box and whisker plots showing the mean and variance of four different eye movement features for the control and glaucoma groups. The circles represent the values of the individual participants. The group means did not differ significantly.




Comparison of Directional Saccade Amplitudes Between Patients and Controls

If the directional saccade amplitudes of a patient are influenced by the location of the VFD, we should find that the median and maximum saccade amplitudes, in directions where a VFD is located, deviate from those of the control group.

Overall, the large majority of the patients' median and maximum saccade amplitudes remained within the range of those of the control group, as can be seen in Figure 10.


[image: Figure 10]
FIGURE 10. The first figure shows the state of the IVF of each patient, with darker areas representing the less sensitive areas of the visual field. The second column shows the VP of this patient averaged across all trials that they performed. The third column shows the median saccade amplitudes in 18 directional bins of each patient, represented by the blue line. The range of the saccade amplitudes by the control group is represented by the scattered red line, showing the minimum and the maximum of the saccade amplitudes of the control group, per direction. The second figure in this column shows the normalized rank that the saccade amplitude of the patient occupies among the saccade amplitudes of the controls per direction, with the red lines representing boarders at which the rank is above or below the upper and lower 2.5% of the control group. The fourth column shows the same as the third column for the maximum saccade amplitudes (A) Examples of median and maximum saccade amplitudes of four different patients, who had peripheral VFD in their IVF. (B) Examples of patients with VFD in the upper part of the visual field. (C) Patients with a VFD which also reached the central part of the visual field. (D) Examples of patients with large VFD in the periphery of the visual field. While the first and third patient in this panel showed median and maximum saccade amplitudes which were close to those of the controls, the second one showed high median saccade amplitudes toward the most intact, but also toward the most damaged area of the visual field.


Examining individual patients in more detail, participants shown in Figure 10A, showed high median saccade amplitudes compared to the control group, in some directions higher than 95% of the participants in the control group. They also showed maximum saccade amplitudes which were higher than those of most of the participants in the control group in some directions.

Panel 10b shows examples of patients with a VFD in the upper part of the visual field. They made similar saccade amplitudes compared to the control group.

Panel 10c shows patients with a VFD covering the central part of the visual field. Their median upwards saccade amplitudes were larger than their downwards or sidewards median saccade amplitudes.

Panel 10d shows two patients with big VFD in the periphery. They showed median and maximum saccade amplitudes outside the 95% confidence interval in some directions.



Viewing Priority

A significant difference in VP between the two groups would indicate that their fixation locations while viewing the same scene often differ. Figure 11 shows the median VP value of the control groups was 0.87 (SD = 0.06) and of the glaucoma patients was 0.83 (SD =0.08). The Wilcoxon-Mann-Whitney test did not show a significant difference (p = 0.085, z-score = −1.723). When calculating the average VP values per movie clip, we found that the median VP value of the control group was 0.9 (SD = 0.07) and of the glaucoma patients was 0.87 (SD =0.13) for the movie clip “Dad's Army.” The median VP value of the control group was 0.87 (SD = 0.09) and of the glaucoma patients was 0.83 (SD = 0.11) for the movie clip “History Boys.” The median VP value of the control group was 0.87 (SD = 0.09) and of the glaucoma patients was 0.83 (SD = 0.08) for the movie clip “Ski Cross.” We did not find a significant difference in the group medians of patients and controls in VP, when averaging over the data collected during the video clips “Dad's Army” (p = 0.028, z-score = −2.914), “History Boys” (p = 0.209, z-score = −1.257), and “Ski Cross” (p = 0.558, z-score = −0.586).


[image: Figure 11]
FIGURE 11. Box and whisker plots showing the group means of VP per movie clip. The circles represent the VP value of each participant.


Figure 12 shows the IVF score plotted against the median VP of each glaucoma patient. As the IVF score increases with a more severely damaged visual field, we would observe a negative correlation of VP and IVF score if the VP value decreased with disease severity. When we compare the IVF score against the median VP of each patient from the video clip “Dad's Army” we find no correlation (Pearson's r = 0.04). We find a very small negative correlation when we compare the patients' IVF against the VP from the video clips “History Boys” (Pearson's r = −0.18) and “Ski Cross” (Pearson's r = −0.17).


[image: Figure 12]
FIGURE 12. Scatter plots showing the VP vs. the IVF score of each participant. R is the correlation coefficient.




Spatial Distribution of Eye Movement Features in the Visual Field Used to Distinguish Between Patients and Controls

1. Replication

If the two groups formed separable clusters in the kernel space, it would be an indicator that they could be separated in this high dimensional feature space. We found that the two groups do not separate very well along the first two feature axes as can be seen in Figure 13, which shows the data of the saccade maps projected onto the first two significant feature axes of the kPCA. We found that the first five dimensions in kernel space explain 25% of the variance in the data for the saccade maps if we use all three video clips. When performing the same analysis with the fixation and VP maps, the transformation of the data into the feature space leads to similar results (see Figures 13B,C).


[image: Figure 13]
FIGURE 13. Projection of the 12 by 10 bin saccade maps onto the first two principal axes in the kernel space using the combined data of all three trials and the data of each trial separately.


Table 3 shows the classification accuracies of the naive Bayes classifier using the first five significant feature axes after 10-fold cross validation.


Table 3. Accuracy of the naïve Bayes classifier for each of the maps.

[image: Table 3]

2. Application of the method used in experiment 1

In addition, we projected the eight by 10 bins fixation maps onto the first two principal components using kPCA on the data of all trials as well as on the data of each trial separately. In all four cases the data points of the two groups overlap in the kernel space, as can be seen in Figure 14.


[image: Figure 14]
FIGURE 14. Projection of the 8 by 10 bin fixation maps onto the first two principal axes in the kernel space using the combined data of all three trials and the data of each trial separately.




Spatial Distribution of Eye Movement Features in the Visual Field Used to Reconstruct the VFD

We could reconstruct the location of the VFD, if the VP was reduced in the damaged part of the visual field or if the frequency of fixations differed significantly from normal in those areas.

Figure 15A shows examples of the distribution of VP and maps of patients with different severity and location of the VFD. As these representative examples show, there was a lot of variability between correlation coefficients of individual glaucoma patients. When taking the group average, the sensitivity per location of the IVF of the glaucoma patients was weakly correlated with the VP per location, with an average Pearson's correlation coefficient of r = 0.127. They however ranged between being weakly anti-correlated to being moderately correlated between individual patients (minimum: Pearson's r = −0.270, maximum: Pearson's r = 0.600).


[image: Figure 15]
FIGURE 15. Representative examples of (A) the correlation of the VP and the sensitivity of the IVF and (B) the correlation of the relative fixation frequency and the sensitivity of the IVF. The discrete locations in which the VP and relative fixation frequency were binned matched the 24-2 SITA test locations of the HFA. Both panels show the same patients. Their IVF is shown in the top row. Neither the VP nor the relative fixation frequency is consistently correlated with the IVF over all patients.


Figure 15B shows the differential fixation maps of the same patients. Again, they represent the variability in correlation coefficients within the group. On the group level, the differential fixation maps were weakly anti-correlated with the sensitivity indifferent locations of the IVF, with an average correlation coefficient of Pearson's r = −0.040. They ranged from moderately anti-correlated to moderately correlated (minimum: Pearson's r = −0.502, maximum: Pearson's r = 0.410).





DISCUSSION

The main conclusion of this study is that monocular eye movements made by glaucoma patients differ substantially from those of normal-sighted controls. Based on this, we conclude that screening patients for VFD in glaucoma patients based on their free-viewing eye-movements is possible in principle.

The viewing conditions and the video clip content influence the ability to separate patients and controls. The differences in monocular viewing behavior between the two groups, becomes apparent in the significant difference in VP between the two groups, as well as the differences in directional saccade amplitudes between individual glaucoma patients and the control group. In addition, after transforming the data using kPCA, we found that participants with glaucoma and controls tend to form separate clusters in the new features space. The binocular viewing behavior, however did not lead to significant differences in the aforementioned features. Apart from the (binocular vs. monocular) viewing conditions, the second factor that influences if the two groups show differences in viewing behavior is the content of the video clips. Videos that contain highly dynamic content (such as comics) and that result in consistent viewing behavior in controls are the most suitable as these result in a good separation of the two groups. However, this success in detecting the presence of a VFD does not automatically translate into its reliable reconstruction. With any of the evaluated methods, reconstruction of the location of the VFD was only possible in a few patients, specifically in those with a large peripheral VFD and in the single patient with HH that we assessed. We will discuss these results below in more detail, including how compensatory viewing strategies of glaucoma patients may have prevented us from localizing their VFD.


Detecting a VFD Requires Monocular Viewing

We analyzed the viewing behavior of glaucoma patients and controls in two comparable experiments with rather distinct, yet informative, outcomes. In experiment 1, we found significant differences in average saccade amplitude between patients and controls, a significant difference in VP after collecting data during 1-min video clips in 27 of the 28 video clips, differences in directional saccade amplitudes of the patients from the controls and potentially separable clusters after performing kPCA on the fixation maps. In experiment 2 we only found a significant difference in VP for one of the three video clips, which lasted 5:15 min and differences in directional saccade amplitudes compared to controls.

Why did we only find differences in eye movement behavior between patients and controls in experiment 1, where our participants viewed movies monocularly and not in experiment 2 where participants viewed these binocularly? To answer this question, we will first consider that due to glaucoma being a gradually progressing disease, many glaucoma patients do not notice their VFD until at a late stage during the disease. Moreover, they likely have adapted their viewing behavior to their VFD. In glaucoma, the VFD is caused by damage to the optic nerve. This results in defects at different locations and of different degrees of severity which may also be different for the two eyes. This was also the case for the glaucoma patients who participated in our present experiments. In experiment 1, this meant that from the moment we covered one eye, the state of a patient's visual field changed abruptly. Presumably, in the relatively brief time of the experiment, patients did not have sufficient time to adapt to this change. This means that during the experiment, their viewing experience differed from that in their daily life, analogous to what participants with simulated VFD experience. Indeed, after the experiment, some participants spontaneously mentioned that they had more difficulties watching the video clips monocularly, in comparison to watching television at home with both eyes.

We also found that patients who viewed the video clips with their worse eye usually showed a lower VP than those who performed the experiment with their better eye. This could be an indicator that if patients experience an instantaneous deterioration of the visual field, they become more aware of the presence of the VFD, and it reduces their ability to perform their customary viewing behavior. These findings are in line with previous studies that found differences in monocular viewing behavior of patients and controls. For example, a study where glaucoma patients viewed static images with one eye also found differences in the patterns of saccade amplitudes in different directions in patients compared to control, similar to our own findings (9).

Asfaw et al. (24, 25) showed that the same patient displays differences in viewing behavior depending on with which eye they performed a free viewing task. The spread of fixation locations was smaller in the worse eye of glaucoma patients compared to the better eye (24). This supports our finding that patients who viewed movies with their worse eye showed a less normal viewing behavior (as indicated by a lower VP) than patients who viewed the movies with their better eye.

Comparing the results of our two experiments, we conclude that glaucoma patients with asymmetric visual field loss, only show different eye movement behavior compared to normal-sighted controls, when they watch videos under viewing conditions that differ from the ones they experience in their daily life. When allowed to use both eyes, as in daily life, they seem to be able to view the videos as well as normal-sighted participants. Moreover, the presence of a VFD can be detected more easily in the worse eye. In patients with symmetric visual field loss, it may be irrelevant for their viewing behavior whether they view the video clips monocularly or binocularly.



Detecting a VFD Under Free-Viewing Conditions Requires Suitable Video Content

An uncertainty concerning the findings of experiment 2, is whether we could have found differences in viewing behavior between the two groups if participants had watched the clips with one eye. It could also be the case that the content of the video clips did not lead to a good separation of the two groups. An indication of the videos shown not being suitable to separate the two groups, could be the low average VP of the controls in experiment 2 in comparison to the VP of the controls in experiment 1, indicating more inconsistent viewing behavior of normal-sighted observers when watching the three video clips of experiment 2.

We found that ideal video clips should guide the attention of the (normal-sighted) observer, so that their viewing behavior is very consistent providing a clear picture of where the salient region in a scene should be located. In addition, the salient region should change location on the screen quickly to trigger long saccades, as this is the kind of viewing behavior that is difficult to perform for glaucoma patients. Previous studies have shown that other types of experimental paradigms, besides free-viewing, that are successful at separating glaucoma patients from controls, also when they are tested binocularly, are those that require the participants to perform saccades. Najjar et al. (26) reported that glaucoma patients showed a reduced saccade velocity and amplitude in pro-saccade tasks, compared to the controls. The reduced amplitude means that the saccades were hypometric on average. In addition, glaucoma patients made more anti-saccade errors than controls. In a tracking test, where different patients were asked to follow a dot with their gaze, Soans et al. (27) were able to differentiate glaucoma patients from controls and patients with other types of visual field defects, due to their inability to follow the dot when it made a sudden jump toward the periphery of the visual field, i.e., when a saccade was required. They were, however, able to follow the dot, when it moved around slowly, i.e., when smooth pursuit eye movements were required.

In our free-viewing paradigm, it is difficult to trigger a sufficient number of long saccades, as we do not want to specifically instruct participants to, for example, also look toward the corners of the screen. When watching a video, the implicit task is of course to follow the storyline, which leads to quite consistent eye movements, as we showed in this study. We could select an appropriate video by trying to determine if the center of gaze of our observers would shift often and rapidly, based on the bottom-up features. We know that motion has a stronger effect on eye movements, than other features, such as color, orientation or intensity, but the sum of all features is the best predictor for gaze location (28). However, gaze behavior cannot exclusively be explained by bottom-up features, as it is also guided by cognitive goals (29). Furthermore, eye movements will not necessarily be directed toward the most salient location, but toward the location from which the brain can extract the most relevant information (30).

In particular in the case of video clips, gaze will also be influenced by the semantics of the scenes, the presence of characters, and the storyline. In movies with a very clear story line, it will be relatively easy to predict where to look next.

That is also a reason to resort to VP rather than saliency measures. VP expresses a combination of salience and relevance, taking both image features and semantics, into account (16). Practically, we can use VP to test which types of video clips lead to a good separation between the two groups. More specifically, we can select videos in which the controls have a high VP while that of the patients is significantly lower. In experiment 1, we found that comics or feature films that contain a lot of movement and active scenes usually result in rather distinct scan paths in patients and controls. On the other hand, the nature documentaries that we used contain mostly scenes or landscapes having relatively low color contrasts and depicting slowly moving herds of animals. Consequently, slow motion is spread out over the entire scene. These types of movies neither contain a spatially narrow and salient area of interest, an obvious story line with a main character that should be followed. This results in much more inconsistent viewing behavior of the control group, that results in a lower group average VP with a larger variance. In turn, this inconsistency in the viewing behavior of the controls makes it more difficult to detect deviations in the eye movement behavior of patients.



Usability of Current Eye-Tracking Technology in Elderly and Clinical Populations

In experiment 1 we were unable to acquire good quality eye movement data in approximately one third of the patients with VFD and the controls. If eye tracking technology is to be used in (clinical) practice with an elderly demographic, the technology needs to be adapted accordingly.

For many participants, it took us a long time to modify the setup, adjusting the position of the eyes in the camera image of the tracker, trying to minimize reflections from the participants' glasses to be able to start the calibration. With most participants we had to perform the 9-point calibration several times, adjusting the setup in between. As the eye trackers that we used did not work with multifocal glasses, we used the trial lenses that are used to test patients' optimal correction at eye clinics. With all the necessary adjustments, in some participants it could take up to 25 min until we could collect data. With the goal in mind of using eye-tracking in clinical practice, either as a diagnostic tool or as support during vision rehabilitation, the time it takes to prepare for data collection needs to be reduced drastically. This could be achieved by using an eye tracker which does not need to be calibrated for every participant separately, provided these trackers manage to maintain stable gaze tracking {e.g., the stereo-eyetracker described in (31); the Pupil Invisible [Pupil Labs; (32)], or the BulbiCam (Bulbitech, Trondheim)}.



Using Virtual Reality and Mobile Eye Tracking During Daily Life Activities Instead of a (Small) Screen Could Improve the Separability of Patients and Controls

A particular challenge, also with established methods, is to detect glaucoma at an early stage, as it usually starts by affecting the periphery. In both parts of this study, all participants showed a strong center bias, which meant that the periphery of the visual field was extremely undersampled. This problem may be reduced by selecting content in which the salient stimuli also occur around the edges of the screen and have a sudden onset. However, a remaining complication is that observers show a tendency to look toward the center of a screen irrespective of the presented content (33). Even when shifting image features away from it, people still tend to look toward the center of the screen (34). Therefore, one may question whether a regular computer display is the best device for presenting stimuli with the purpose of detecting a VFD. With advances in virtual reality (VR) technology that allow combining it with eye-tracking, presenting stimuli using a VR headset with a larger field of view and less obvious borders could be a more suitable alternative. This kind of display would potentially lead to even more natural viewing behavior and larger saccade amplitudes. Imaoka et al. (35) found that the HTC Vive Pro Eye VR headset could potentially be used to measure saccadic eye movements.

Another interesting approach could be to record eye movements during daily life activities with a mobile eye tracker. Having data of daily life eye movements could also help to reveal the degree to which a certain VFD diminishes functional vision in different tasks. In turn, his knowledge could be applied in vision rehabilitation therapy.



VP May Correlate More Strongly With Functional Vision Than the Severity of the VFD Defined by the MD Value

While directly linking eye movement behavior to the patients' difficulties in daily life functioning lies outside the scope of this study, we can look for indicators of compensatory eye movement behavior. There are two explanations for why it was possible to detect the presence of a VFD based on eye movements. First, patients with VFD may have altered their eye movement behavior, due to the fact that they did not detect certain stimuli or interesting objects in the periphery. Consequently, they may have directed their overt attention less frequently toward damaged parts of their visual field. In other words, the viewing behavior of the patients would mainly have been altered due to bottom-up influences. Secondly, patients with VFD may employ viewing strategies with which they compensate for their VFD by directing their gaze more frequently toward certain (damaged) parts of the visual field. This strategy may either be used in a conscious or unconscious manner. If so, this would imply that their eye movement behavior would mainly have been altered by top-down mechanisms.

Importantly, if eye movements would be driven primarily by bottom-up influences, we would have expected a strong correlation between the severity of the VFD (MD or IVF score) and the VP value. In addition, when examining the distribution of fixations across the visual field, we had expected to find that patients fixate damaged parts of the VF much less frequently. However, we find that this is only the case in patients with severe peripheral VFD. Other patients frequently look toward damaged parts of their visual field, which could either be the effect of a compensatory strategy or reflect that filling-in hides the damaged part. Interestingly, patients with similar VFD showed markedly different average VP, also depending on whether they viewed the video clips with their better or worse eye. We speculate that VP could be a predictor for the ability of individuals to cope with their VFD in daily life. Given a similar VFD, the patient with a higher VP would be predicted to have a better compensatory eye movement strategy and better functional vision. When glaucoma patients watched the videos binocularly, they exhibited a very similar viewing behavior as the normal-sighted controls, not only showing a similar VP, but also similar saccade amplitudes and fixation distributions across the visual field. This suggests that for the task of binocularly watching videos, they may have already found mechanisms to cope with their VFD.



Future Studies

Future studies could use the knowledge gained in this study to optimize the presented stimuli, as well as the stimulus display. With a larger data set it would also be possible to apply machine learning to predict the state of the visual field based on eye movement data. Based on the results of this study, the input features for a machine learning classifier should represent the spatial distribution of eye movements across the visual field.

Besides using eye movements to screen for the presence of a VFD, these could also be used to monitor the effects of vision rehabilitation training. One could test if free-viewing eye movement behavior changes over the course of different stages of vision rehabilitation. If it changed in a systematic fashion, we could conclude that the patient internalizes a certain compensatory eye movement strategy. In fact, we think it is appropriate to conclude that the degree to which a patient with a VFD could use and profit from a compensatory strategy in this experiment, depends on the size and the location of their VFD and the semantics and content of a specific video clip. This implies a potential trade-off to be made between precisely targeted, yet boring stimuli (such as a Gaussian blob), or more engaging but somewhat less accurate natural stimuli such as movies. Moreover, note that the above further implies that movies could be used to determine deviant viewing behavior (which is also evident from our saccade analyses) and potentially be used to quantify compensatory viewing behavior.

In addition, eye movement behavior during movie viewing could be used to predict how well patients can perform different daily life tasks. To answer this question, the quality of life and task performance in different daily life tasks should be assessed together with the eye movements.



Conclusion

A VFD results in specific viewing behavior during video viewing that can be used to distinguish a glaucoma patient from control observers and which could form the basis of a simple screening approach. Distinguishing requires monocular viewing and considering the spatial distribution of eye movement features, such as fixation locations and saccade amplitudes. Moreover, we conclude that while individual glaucoma patients not only have different VFD, they also appear to differ in their ability to cope with it.
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Convolutional neural network (CNN) models are of great promise to aid the segmentation and analysis of brain structures. Here, we tested whether CNN trained to segment normal optic chiasms from the T1w magnetic resonance imaging (MRI) image can be also applied to abnormal chiasms, specifically with optic nerve misrouting as typical for human albinism. We performed supervised training of the CNN on the T1w images of control participants (n = 1049) from the Human Connectome Project (HCP) repository and automatically generated algorithm-based optic chiasm masks. The trained CNN was subsequently tested on data of persons with albinism (PWA; n = 9) and controls (n = 8) from the CHIASM repository. The quality of outcome segmentation was assessed via the comparison to manually defined optic chiasm masks using the Dice similarity coefficient (DSC). The results revealed contrasting quality of masks obtained for control (mean DSC ± SEM = 0.75 ± 0.03) and PWA data (0.43 ± 0.8, few-corrected p = 0.04). The fact that the CNN recognition of the optic chiasm fails for chiasm abnormalities in PWA underlines the fundamental differences in their spatial features. This finding provides proof of concept for a novel deep-learning-based diagnostics approach of chiasmal misrouting from T1w images, as well as further analyses on chiasmal misrouting and their impact on the structure and function of the visual system.
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INTRODUCTION

The optic chiasm is a key structure in the visual system, where the fate of axons from the retina is decided, such that axons carrying information from the right visual hemifield are guided to the left hemisphere and vice versa. Accordingly, the axons split in the chiasm into two bundles, i.e., axons from the nasal retina that project to the contralateral brain hemisphere (also referred to as “crossing nerves”), and axons from the temporal retina that project to the ipsilateral hemisphere (“non-crossing nerves”). While the normal proportion of axons in the crossing and non-crossing bundle is well established and determined by histological studies to be equal to 53:47, respectively (Kupfer et al., 1967), several congenital disorders are known to affect this arrangement. One example is albinism, where the abnormal development of the visual system (Rebsam et al., 2012) leads to enhanced crossing of the optic nerves at the chiasm resulting in an altered organization of the signal flow in the visual system (Hoffmann et al., 2003). Interestingly, although the altered input to the visual cortex would be expected to fundamentally disrupt signal integration, basic aspects of visual function are preserved, while others (binocular vision, visual acuity, fixation stability) are reduced (Hoffmann and Dumoulin, 2015). This preservation of basic aspects is likely related to processes of cortical plasticity (Hoffmann et al., 2003; Hoffmann and Dumoulin, 2015; Ahmadi et al., 2019) and as such makes human albinism a unique and powerful model of neuroplasticity, granting insights into the structure–function relationship of the visual system. This kind of analysis, however, requires unambiguous and noninvasive mapping of chiasm’s structural features, which is not yet resolved. The first anatomical MRI-based reports (aMRI) of chiasm morphology reported the absence of meaningful anatomical features distinguishing normal and abnormal chiasms (Brodsky et al., 1993). In contrast, two later studies reported differences when comparing chiasm sizes and configurations between controls and people with albinism [PWA; (Schmitz et al., 2003; von dem Hagen et al., 2005)]. Specifically, both studies provided significant evidence of reductions in the width of optic nerves and optic chiasm in PWA, with Schmitz et al. additionally reporting thinner optic nerves and wider angles between optic tracts. Unfortunately, both studies reported group differences but did not explain the aforementioned distinguishing features in the context of diagnostics of chiasmal malformations. Effectively, it is unknown which anatomical features of the chiasm may be employed in an individualized detection of malformations or whether such a detection is possible in the first place. Recently, the application of anatomy-sensitive diffusion MRI (dMRI), capable of estimating the proportion of crossing and non-crossing nerves via tractography (Puzniak et al., 2021), has demonstrated chiasmal malformations in albinism at the group level (Ather et al., 2018) with potential for an individualized diagnostic utility (Puzniak et al., 2019). It must be noted, however, that dMRI as compared to aMRI is time consuming at the level of both data acquisition and data analysis. Considering the aforementioned challenges of accurate modeling of chiasmal malformations, it would be of benefit to revisit this issue using models capable of autonomous feature extraction from aMRI data, such as convolutional neural networks [CNNs; (LeCun et al., 1989; Krizhevsky et al., 2012)].

Convolutional neural networks (CNN) are a class of artificial neural networks, i.e., data-driven models inspired by biological systems which are shown to greatly benefit fields relying on computer vision, such as medical imaging (Lundervold and Lundervold, 2019). They are being successfully applied in tasks requiring recognition (segmentation) of brain structures, including the ones involving the optic chiasm (Ibragimov and Xing, 2017; Tong et al., 2018; Chen et al., 2019; Zhu et al., 2019; Duanmu et al., 2020; Mlynarski et al., 2020). This is in particular true for the attempts using MRI data, which have been demonstrated to provide superior contrast and recognition of optic chiasm boundaries compared to other imaging techniques, such as computer tomography (Ibragimov and Xing, 2017; Duanmu et al., 2020). The CNNs, however, are not a universal tool, as their performance is largely dependent on both the quantity and quality of the training data. Consequently, this hinders the development of CNNs in the fields with limited data availability (e.g., due to high data acquisition costs), such as neuroimaging. The above-described limitation is even further augmented in the proposed comparative analysis of normal and abnormal chiasms, where the rarity of albinism [estimated prevalence of albinism equal to 1: 20,000 according to Marçon and Maia (2019)] severely impacts the availability of data from such rare patient groups. These limitations may be counteracted to some degree by known techniques, e.g., transfer learning, allowing to fine-tune existing networks to new data with smaller samples instead of training from scratch. In the present work, we explored the potential of CNNs for the detection of chiasmal abnormalities. For this end, we employed a method that is independent of hardly available, sizable datasets of abnormal chiasms at the expense of interpretability, as discussed in Limitations. Specifically, we investigated whether CNNs trained for the purpose of optic chiasm segmentation on control data only, lead to erroneous segmentations for abnormal optic chiasms, e.g., in albinism. Such a differential performance of CNN on normal and abnormal chiasms could be utilized in a quantitative approach for the detection of chiasm abnormalities in albinism and potentially beyond. Currently, albinism diagnosis is based on several morphological and functional features (Hoffmann et al., 2007; Hoffmann and Dumoulin, 2015), with abnormal crossing in the chiasm being one of the major criteria (Kruijt et al., 2018). This is being routinely assessed with functional methods (Hoffmann et al., 2005; von dem Hagen et al., 2008), which are, however, affected by patients’ functional limitations, such as low visual acuity or nystagmus as typical for albinism. Although these limitations would be absent for anatomy-based assessments, the only up-to-date successful reported attempt of an individualized detection of the chiasm abnormalities was achieved with dMRI (Puzniak et al., 2019), which required complex and time-consuming data acquisition and analysis extending beyond the clinical standards. Consequently, the successful CNN-based identification of abnormal chiasms via aMRI might provide proof of concept for a novel tool which can be applied to diagnostics, e.g., in albinism.



MATERIALS AND METHODS


Rationale

The objective of this study was to investigate the scope of diagnosing chiasmal malformations using the CNN’s performance as an indicator. For this purpose, we trained a CNN for the segmentation of normal optic chiasms from T1-weighted (T1w) MRI images. This would ideally be achieved by using already developed networks. However, their lacking validation on external datasets, a common issue in the field of DL (Yao et al., 2020), required the development of a custom new network for this purpose and subsequent testing on MRI images of PWA with malformed chiasms. The accuracy of the CNN, determined via the comparison of predicted chiasmal masks with previously hand-curated ground-truth masks, is expected to reveal whether representations of malformed chiasms can be learned from control data only. Consequently, the results provide a deeper understanding on whether malformed chiasms are included in the segmentation of representations learned from the control data. This finding is expected to be of value for the clinical diagnostics of malformations, as well as basic research on mechanisms guiding malformation of the chiasms.



Workflow

This section details the description of the process, the pipeline, and its components, specifically the type of MRI data employed in the training and testing of the CNN, generation of optic chiasm masks by automatic and manual delineation, data augmentation, CNN training, evaluation of CNN on MRI data of controls and PWA, and the metrics used. The graphical overview of the workflow is provided in Figure 1.
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FIGURE 1. Workflow chart. Graphical illustration of the experiment design. Initially, the training T1w images from the Human Connectome Project (HCP) dataset (top left) were used to generate accurate optic chiasm masks (“Mask generation”; marked by the orange color, left) in a two-step procedure validated on test T1w images. The image–mask pairs were subsequently preprocessed (“Data augmentation”; marked by the green color, bottom right) and used as an input target in the supervised training of the CNN (“CNN training”; marked by the red color, top right). In the final step, the test T1w images from both controls and PWA were used in evaluation of the CNN’s performance (“CNN evaluation”; marked by the yellow color, middle).




MRI Data

T1w anatomical MRI images of the brain were acquired using 3T MRI. The MRI data came from two separate, publicly available datasets and were used in the (i) training and (ii) evaluation of CNN. Specifically, the CNN was (i) trained on the Human Connectome Project (HCP) dataset (Van Essen et al., 2013), containing nearly 1,200 T1w structural MRIs from control participants, and (ii) tested on the CHIASM dataset (Puzniak et al., in revision)1, a repository containing T1w images of patients with rare chiasmal disorders including PWA (n = 9) and controls (n = 8).


HCP Dataset

The CNN was trained on control T1w images (n = 1049) from the HCP Dataset—Diffusion MRI 3T 1200 Subjects (S1200) Release (Glasser et al., 2013; Van Essen et al., 2013) downloaded from the brainlife.io platform (Avesani et al., 2019)2. As detailed in the PreFreeSurfer pipeline from HCP Minimal Preprocessing Pipelines (Glasser et al., 2013), for each subject, the T1w images acquired with native 0.7-mm isotropic resolution were defaced (Milchenko and Marcus, 2013), aligned to MNI152 template space (rigid-body transformation with 6 degrees of freedom), and corrected for readout distortions (van der Kouwe et al., 2008). The preprocessed images were further resampled to 1.25-mm isotropic resolution to match the resolution of the HCP DWI data. Importantly, the downsampling was also a prerequisite for further segmentation of T1w images with FreeSurfer software.



CHIASM Dataset

The performance of the trained CNN was tested on the T1w MRI images of PWA (n = 9) and controls (n = 8) from the CHIASM dataset (Puzniak et al., in revision, see footnote 1) downloaded from the brainlife.io platform (Avesani et al., 2019)3. As preprocessing steps, for each subject, T1w images acquired with native resolution of 0.9 mm were defaced, aligned to Anterior Commissure—Posterior Commissure (ACPC) space, and downsampled to 1-mm isotropic voxel (in order to support FreeSurfer segmentation).




Optic Chiasm Masks

The T1w MRI images were further used to generate several binary optic chiasm masks through varied approaches. Specifically, this included manually defined ground-truth masks, automatically created masks used for CNN training, and masks of the chiasm computed by the CNN (Figure 2). Although automatically created masks from neuroimaging data are known to be of suboptimal quality (as opposed to ones manually defined by experts), we decided for this approach as it enabled us to analyze a wide range of chiasmal morphologies. This is, in fact, a requisite for the CNNs to robustly identify the well-generalizing features of the chiasm. An overview of the employed masks is provided below, followed by detailed descriptions in the subsequent sections:


•X-maskmanual—optic chiasm mask defined manually on T1w MRI images.

•X-maskatlas–initial—optic chiasm mask created by FreeSurfer’s atlas-based segmentation of HCP training set (n = 1049) and CHIASM (n = 17) T1w images.

•X-maskatlas–corrected—improved optic chiasm masks obtained by correcting X-maskatlas–initial with a custom correction algorithm.

•X-maskCNN—optic chiasm mask computed by the CNN from input T1w image. The X-maskNN were generated only for the CHIASM (n = 17) dataset and a subset of HCP datasets (n = 10; HCP test-controls), which were excluded from CNN’s training and validation procedure (Figure 2A).
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FIGURE 2. Overview of X-mask from the exemplary HCP dataset (ID 304727). (A) Axial slices displaying the optic chiasm region on T1w image (leftmost column). Blue-colored masks superimposed on the T1w slices correspond to, respectively, from left to right: X-maskmanual, X-maskatlas–initial, X-maskatlas–corrected, and X-maskCNN. The top row displays the most inferior slice, with subsequent rows showing incrementally superior slices. All images are presented in neurological convention. (B) QR codes allowing for the inspection of 3D representations of the masks, respectively, from left to right: X-maskmanual, X-maskatlas–initial, X-maskatlas–corrected, and X-maskCNN.


Importantly, for the purpose of quality evaluation (see Computational methods), the assessed masks were limited only to the axial slices, where the optic chiasm was present, as determined by the X-maskmanual (Figure 2A). This step was performed to ensure that the evaluation is focused on the optic chiasm only and is not perturbed by neighboring white matter structures, such as optic nerves and tracts.


X-maskmanual

The X-maskmanual were defined in PWA (n = 9; CHIASM albinism) and controls (n = 8; CHIASM controls) from the CHIASM dataset, and 10 HCP test-controls were excluded from CNN training. Specifically, the delineation was performed by a trained researcher in all the T1w image slices with chiasmal presence, as according to the guidelines detailed in (Puzniak et al., in revision, see footnote 1). The X-maskmanual were deemed a ground truth and consequently used as reference for the quality assessment of other masks (Figure 2A).



X-maskatlas–initial

The X-maskatlas–initial were extracted from the existing atlas-based segmentation of the HCP T1w images (Van Essen et al., 2013) processed according to the HCP FreeSurfer pipeline (Glasser et al., 2013) using FreeSurfer v5.2 (Fischl, 2012). Although such atlas-based masks were successfully used in previous studies aiming to accelerate brain segmentation using CNNs (Fedorov et al., 2017a, b; McClure et al., 2019), our comparison of X-maskatlas–initial with X-maskmanual revealed a significantly lower quality of the former (see Results), thereby making them (as expected) a suboptimal choice as training data.



X-maskatlas–corrected

Although X-maskatlas–initial were found to be of insufficient quality for training, we observed that their shortcomings can be mitigated by incorporating information about voxel intensities in the mask delineation process. This allowed us to formulate the following seven-step algorithm generating a corrected mask, X-maskatlas–corrected from the X-maskatlas–initial:


1.Calculate the distribution of intensities of T1w image’s voxels within the initial mask, X-maskatlas–initial. Notably, apart from optic chiasm’s white matter voxels, this will include also false-positive voxels from adjacent tissue.

2.Calculate the 98th percentile of the obtained distribution. This threshold was identified empirically as the one resulting in the optimal separation of hyperintense voxels with blood vessel contributions from the surrounding.

3.Calculate the 66th percentile of the obtained distribution. This threshold was identified empirically as the one resulting in a robust and conservative separation of white matter voxels from partial-volume voxels and surrounding tissue.

4.Binarize a copy of the entire T1w image of the brain, setting all voxels to 0, except for those within the 66-98th percentile range.

5.From the binarized T1w image, extract a bounding box around the initial optic chiasm mask, extended by five voxels in left–right and posterior–anterior directions. This step is intended to exclude neighboring white matter structures which may interfere with step #6 and #7.

6.Extract the biggest cluster of nonzero voxels. This will represent the optic chiasm.

7.Dilate the cluster by one voxel in each direction. The conservatively chosen percentile thresholds, introduced in step #2 and #3, allowed extracting only non-surface voxels of optic chiasm, as they are affected by partial volume. As such, this step allows the possibility to include voxels at the surface.



The quantitative comparison (see Computational methods) of outcome for the X-maskatlas–corrected with X-maskmanual demonstrated a significantly improved quality of the former (see Results) in comparison to X-maskatlas–initial. Given this validation, the correction procedure was subsequently performed for all of the HCP X-maskatlas–initial, and the resulting X-maskatlas–corrected were used as targets for supervised training of the CNN.




Convolutional Neural Network

This section describes in detail the architecture of the tested CNN, as well as the data preprocessing steps prior to training, training itself, and postprocessing of the output.


Network’s Architecture

The developed CNN used a 3D version (Çiçek et al., 2016) of the U-Net architecture (Ronneberger et al., 2015). Although the 3D version involves a higher computational load which may limit the upper resolution of processed images, the inclusion of additional dimension was shown to be of significant benefit to the segmentation (Chen et al., 2019; Mlynarski et al., 2020). Another reason for using the U-Net architecture was its reported robustness to jagged boundary-localized errors (Heller et al., 2018), which is a helpful feature in case of training on automatically generated masks.

Specifically, the network consists of analysis (encoding) and synthesis (decoding) paths. The analysis path contains four layers, each containing a standard U-net block [two 3 × 3 × 3 × convolutions followed by batch normalization and rectified linear unit (ReLu)] and subsequent 2 × 2 × 2 max pooling (stride of 2). For each subsequent step in the analysis path, the number of feature maps derived from input was doubled in each layer. The synthesis path consists of 2 × 2 × 2 upconvolution followed by a U-net block. Importantly, each decoding layer receives concatenated feature maps from a previous decoding layer and corresponding encoding layer, which allows for preservation of both low- and high-level features. Finally, in the last layer, the two output feature maps (background and target class, here optic chiasm) are being normalized with a voxelwise softmax function. The total number of parameters is 2,206,482.



Data Augmentation

Prior to being fed into the network, the training images and target X-maskatlas–corrected were subjected to the following data augmentation procedure [performed using the TorchIO package (Pérez-García et al., 2021)], respectively:


•Normalization of maximal voxel intensity to 1. This adjusts for varied ranges of intensities between MR images originating from different sources, by rescaling intensities to 0-1 range.

•Random flip along any axis. This accounts for variations in the coordinate systems used for storing MRI images, such as in case of radiological and neurological conventions.

•Random crop to 160 × 160 × 160. This allows for generalization on the incomplete whole-brain data and eases the computational load.

•Random affine (rotation up to 15°, translation up to 20 voxels, bspline interpolation). This accounts for varied orientations and positions of the patient’s brain in the scanner space.



Performing these steps on the training data allowed us to enhance CNN’s generalization capabilities without resorting to explicit regularization, which has been demonstrated to limit the model’s capacity (Hernández-García and König, 2018). This was particularly important considering the misalignment of HCP training images (stored in MNI152 space) and CHIASM testing images (aligned to ACPC space).



Training and Loss Function

The HCP grayscale T1w images (n = 1049) and corresponding X-maskatlas–corrected were divided into training (n = 932, 87.5%; HCP training—controls), validation (n = 107, 10%; HCP validation—controls), and testing (n = 10, 2.5%) subgroups augmented and subsequently fed in batches of 2 to U-Net CNN using the Dice similarity coefficient (see Computational methods) loss function and Adam optimizer (Kingma and Ba, 2017) for the purpose of weight updating. The training was performed five times, using different combinations of hyperparameters, specifically the maximal numbers of epochs (13, 15, 30, 40, 100) and learning rates (respectively, 0.0025, 0.0030, 0.0025, 0.0015, and 0.0005). The resulting weights of trained networks were saved and are provided (see Availability of data and material).



X-maskCNN

The trained CNN returned a grayscale image of the input’s size (160 × 160 × 160), where each voxel’s intensity depicted the probability of belonging to the optic chiasm (ranging from 0 to 1). This output was turned into a binary optic chiasm mask by thresholding the image to an empirically selected value (here we tested a range of 0.25, 0.50, 0.75, and 1.00 thresholds) and selecting the biggest cluster of nonzero elements present in the image. The quality of final X-maskCNN generated by the tested range of training hyperparameters and threshold values were evaluated against X-maskmanual for both HCP test-controls and CHIASM controls datasets (see Supplementary Material), with the best-reported performance achieved for 30 epochs, and a learning rate equal to 0.0025 at a threshold of 1.




Computational Methods

The employed computational methods incorporate the quantitative comparison of overlap of two masks by means of the Dice similarity coefficient (specified below), testing of mean equality using t-tests, and a range of classification metrics describing the discrepancy in results.


Dice Similarity Coefficient

In order to measure the quality of optic chiasm masks, we employed the Dice similarity coefficient [DSC; (Dice, 1945; Sørensen, 1948)] statistic, which describes the amount of overlap between two masks, in our case. The DSC ranges from 0 (lack of overlap) to 1 (perfect overlap of identical shapes). Specifically, we calculated the value of DSC between the ground-truth X-maskmanual and the candidate X-mask‘candidate’, where the latter has been previously limited only to axial slices where X-maskmanual was present (the excessive voxels were cropped). For brevity, the value of DSC calculated between X-maskmanual and candidate X-mask‘candidate’ is further being denoted to as DSCmanual_vs_‘candidate’, and in case of group-level results, statistics is presented as mean ± standard error of mean (SEM).



Statistical Comparisons

The obtained DSC values, grouped with respect to compared candidate mask group (X-maskinitial, X-maskatlas–corrected, and X-maskCNN) and participant group (HCP test-controls, CHIASM controls, and CHIASM albinism), were subjected to statistical testing. All samples were tested for normal distribution using the test by D’Agostino and Pearson (D’Agostino and Pearson, 1973), and for all but one (X-maskatlas–initial : HCP test-controls) the null hypothesis of coming from normal distribution could not be rejected. Accordingly, in case of comparison of two normally distributed samples, we used two-tailed, two-sampled t-test at an alpha level of 5%; otherwise, we used the Wilcoxon rank-sum test, which tests the null hypothesis that two samples are drawn from the same distribution. Finally, we controlled for the familywise error (FWE) rate by applying Bonferroni’s correction to all calculated p-values.



Classification Metrics

In order to evaluate any potential discrepancy in the X-mask quality obtained for PWA and controls, we classified the obtained DSCmanual_vs_CNN using C-support vector classification (C-SVC) model with polynomial kernel (Platt, 1999; Chang and Lin, 2011). The measure of interclass discrepancy was subsequently quantified using well-established machine learning classification metrics, specifically
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where TP, TN, FP, and FN are, respectively, true positives, true negatives, false positives, and false negatives. Importantly, it should be noted that the classifier has been trained and evaluated on the same data, which is a clearly forbidden practice in case of evaluating a classifiers’ performance. Our goal was, however, to quantitatively express the intergroup differences in DSCmanual_vs_CNN and the overlap in data points, which is why we decided on such an approach. In line with that purpose, we used the support vector classification model which attempts to maximize the margin around the decision boundary.





RESULTS

This section provides a detailed qualitative and quantitative insight into the two key aspects of our investigation: (i) quality assessment of X-maskatlas–initial and X-maskatlas–corrected and (ii) evaluation of the CNN’s performance on the CHIASM dataset. An overview of the quantitative results is given in Table 1.


TABLE 1. Mean and standard error of mean of DSC of X-mask and significance of cross-group differences.
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Quality of Optic Chiasm Masks

As detailed in Methods, the quality of a candidate mask is determined based on its conformance with the ground-truth masks, i.e., DSCmanual_vs_‘candidate’. The DSCmanual_vs_atlas–initial calculated for the 10 HCP test-controls was equal to 57 ± 3% (mean ± SEM). Upon correction of the X-maskatlas–initial with the custom-designed algorithm, the quality of the corrected masks (X-maskatlas–corrected) improved significantly (mean DSCmanual_vs_atlas–initial and DSCmanual_vs_atlas–corrected: 57 ± 3% and 75 ± 3%, respectively, FWE corrected p-value = 0.025; see also Figures 2, 3 for a quantitative and qualitative account, respectively). These results for the HCP test-controls provide support for the custom mask correction procedure, and as such X-maskatlas–corrected. For this reason of better quality, X-maskatlas–corrected were later used for the CNN training.
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FIGURE 3. Evaluation of the mask correction procedure. Scatter plot of DSCmanual_vs_atlas–corrected (x-axis) and DSCmanual_vs_atlas–initial (y-axis) values for a subset of 10 HCP test-controls and 8 controls from the CHIASM dataset. The values are additionally presented in the form of marginal histograms of the two distributions—DSCmanual_vs_atlas–corrected (top horizontal) and DSCmanual_vs_atlas–initial (right vertical). The black contour marks the data point of the representative participant detailed in Figure 1.


Although the CNN training was based only on HCP data, the mask correction algorithm was tested also on the CHIASM dataset. The quality of X-maskatlas–initial (DSCmanual_vs_atlas–initial) of the CHIASM controls compares similarly to the HCP test-controls [HCP vs. CHIASM: 57 ± 3% vs. 50 ± 4 (mean ± SEM); p-value = 1.00]. In contrast, applying the mask correction procedure on the CHIASM data resulted in significantly lower DSC-measures for X-maskatlas–corrected than X-maskatlas–initial (DSCmanual_vs_atlas–initial vs. DSCmanual_vs_atlas–corrected: 50 ± 4% vs. 28 ± 4%; p-value = 0.02; see Figure 3). Despite a comparable quality of initial masks, the quality of X-maskatlas–corrected from the CHIASM dataset was reduced compared to the HCP X-maskatlas–corrected [DSCmanual_vs_atlas_corrected (HCP vs. CHIASM): 75 ± 3% vs. 28 ± 4%; p-value < 0.001]. The findings reveal the limited generalization of the custom mask correction procedure. It should be noted that this is not of relevance for the hypothesis tested in this study: during training, the CNN is interacting with data and target masks corresponding to the HCP dataset only. Accordingly, while it is critical to ensure the high quality of training X-maskatlas–corrected, the CNN itself is agnostic to their derivation process and its limitations on other datasets. This will be proven further in the Results section (see Transferability of CNNs) where it will be shown that X-maskatlas–corrected and X-maskCNN of CHIASM controls are fundamentally different.



Evaluation of Convolutional Neural Network’s Performance on the Testing Data

We calculated the DSCmanual_vs_CNN of control (n = 8) and PWA (n = 9) from the CHIASM dataset and HCP test-controls. This allowed us to gain insight into the (i) transferability of CNNs (i.e., how well the CNN performs on data from entirely new sources; for this purpose, we compared the quality of X-maskatlas–corrected to X-maskCNN) and (ii) differences between optic chiasm masks computed by the CNN for controls and PWA.


(i)Transferability of CNNs. The comparison of DSCmanual_vs_atlas–corrected with DSCmanual_vs_CNN performed for the 10 HCP test-controls failed to reveal a statistically significant difference [75 ± 3% and 79 ± 2%, respectively, p-value = 1.00]. This considerably deviated from results obtained for the CHIASM controls, where DSCmanual_vs_CNN (75 ± 3%) was significantly higher than DSCmanual_vs_atlas–corrected (28 ± 4%, p-value < 0.001). Interestingly, the values of DSCmanual_vs_CNN for both HCP test-controls and CHIASM controls were similar (79 ± 2% and 75 ± 3%, respectively; p-value = 1.00). The robust performance of the CNN on the CHIASM dataset reinforces the argument that CNN is agnostic to and does not copy the correction algorithm that generated training X-maskatlas–corrected data (which was shown to fail on the data of CHIASM controls), but rather uses more general and robust processing that is well transferable to datasets different from the training one.

(ii)CNN-computed masks for controls vs. albinism. Comparing the DSCmanual_vs_CNN between CHIASM controls (75 ± 3%) and albinism participants (44 ± 8%) revealed a significantly lower quality of the latter (p-value = 0.04). These results also applied when substituting the CHIASM controls with the HCP test-controls (79 ± 2%, p-value = 0.004). An overview of the results is displayed in Figures 4, 5.
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FIGURE 4. Comparison of quality of X-maskatlas–initial and X-maskCNN. Scatter plot of DSCmanual_vs_atlas–initial (x-axis) and DSCmanual_vs_CNN (y-axis) values for CHIASM albinism (n = 9), CHIASM controls (n = 8), and HCP test-controls (n = 10). The values are additionally presented in the form of marginal histograms of the two distributions—DSCmanual_vs_atlas–initial (top horizontal) and DSCmanual_vs_CNN (right vertical). The black contours mark the data point of the representative participants, depicted in Figure 5. The outlier data point indicating DSCmanual_vs_CNN = 0 corresponds to a single case, where the chiasm could not be correctly identified. Specifically, X-maskCNN was defined as a largest cluster of voxels with positive predictions (as output by CNN). In this unique case, however, the largest cluster was located outside the chiasm, in the cerebellum.
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FIGURE 5. Overview of X-maskCNN from a representative HCP test-control, CHIASM control, and CHIASM albinism participant. Axial slices display the optic chiasm region on the T1w image; blue-, yellow-, and magenta-colored masks show the X-maskCNN defined for the HCP test-control, CHIASM control, and CHIASM albinism participants, respectively (marked by a black edge on Figure 4).


The observed differentiation between the controls and albinism was further investigated by measuring the performance of a C-SVC model (see Methods) applied to CHIASM albinism—CHIASM controls and CHIASM albinism—HCP test-controls data pairs (with PWA as positives and controls as negatives). The results of classification were subsequently evaluated with the metrics specified in Methods and detailed in Table 2.


TABLE 2. Accuracy of cross-group classification based on DSCmanual_vs_CNN.
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The observed discrepancy in values of DSCmanual_vs_CNN for controls and albinism indicates that malformed chiasms are ill-represented by models “learned” from normal chiasms. This leads to the conclusion that both types of chiasms are described by diverse spatial features. This important observation provides a proof of concept for CNN-based direct classification of chiasms with regard to misrouting. At the same time, it should be noted that due to the limited sample of testing data, it is beyond the scope of the present study to provide an optimal DSC threshold for distinguishing controls from PWA. Given the clinical relevance of a threshold, we emphasize the need for future research to estimate this value through extensive evaluation of multiple datasets from several sources. While such a study is expected to provide the value for the optimal decision boundary (e.g., via a receiver operating characteristic curve analysis), the final proposed value should also factorize the consequences of type I and type II errors.




DISCUSSION

We aimed to investigate whether normal optic chiasms and those with misrouting as in albinism are represented by CNNs differently and, if yes, whether such differences could be used in the diagnostics of abnormal chiasms. In order to investigate this, we built and trained a CNN to segment optic chiasms based on control T1w images and algorithm-generated training masks. Our findings of a differential performance of the CNN in predicting normal and abnormal chiasms indeed highlight a potential utility of CNNs in identifying patients with chiasmal abnormalities. In the context of our findings, we intend to discuss two key aspects of our study: (i) use of automated masks in the training of CNN and (ii) application of control chiasms learned by CNN to abnormal cases.


Use of Automated Masks in the Training of CNN

Automatically generated algorithm-based masks are bound to be a suboptimal solution for the purpose of image segmentation as compared to manual segmentations, specifically in medical images. Remarkably, we observed that in the case of a dataset with a specific structure, tailored adjustments can significantly increase the fidelity of automated masks to the ground truth. This strategy is useful in mitigating the disadvantages of a trade-off between mask quality and big sample size, as encountered when using automatically generated training data (McClure et al., 2019). This is further reinforced by the robust performance of the trained CNN here, demonstrating that the approximate masks despite individual flaws allow for a successful capture of the structure’s properties by the neural networks (Heller et al., 2018).



Application of Control Chiasms Learned by Convolutional Neural Network to Abnormal Cases

Finally, the reported results demonstrated that the features of chiasms “learned” by training on control data does not apply to chiasms with enhanced misrouting, as present in albinism. This finding allows for a number of conclusions:


a.The chiasmal misrouting significantly alters the spatial organization of the optic chiasm [supporting the findings of Schmitz et al. (2003) and von dem Hagen et al. (2005)], which thus cannot be represented by data-driven models trained on control data only. Consequently, deep learning frameworks which exclude data of malformed chiasms from the training datasets will not be able to accurately represent them.

b.At the same time, the fundamental differences between CNN representations of normal and abnormal chiasms, as demonstrated by the quantified inaccuracy of masks, indicate the possibility of the identification of chiasmal misrouting from the T1w MRI images. Establishing such a method would provide direct and robust methods for the identification of misrouting in the clinical environment, which in turn is expected to reinforce the diagnostics of albinism. Further studies are needed to explore how our specific findings related to albinism translate to the detection of chiasma abnormalities in general.

c.The distinguished CNN representations of normal and abnormal chiasms are also a promising starting point for further studies addressing the association between chiasm malformations (with its further impact on white matter of visual system) and related reorganization at the level of the visual cortex (Hoffmann and Dumoulin, 2015). Additionally, the complexity of this phenomenon may greatly benefit from more complex methods, such as CNNs.

d.Finally, it should be noted that our current study underlines the general need for public datasets of rare, not infrequently overlooked, patient groups (Puzniak et al., in revision, see footnote 1). This is particularly important in the context of the current influx of deep learning-based tools in the healthcare system, such as CNNs trained to segment organs at risk (including chiasm as well) for therapy planning, which may not be available to rare patient groups not represented in training data. Considering this, the current study highlights the opportunities of improved diagnostics for the example of albinism and is intended to inspire the publication of further datasets to be utilized for the development of robust and transferable neural networks capable of accurate classification of chiasmal abnormalities from T1w MRI images.





Limitations

The study limitations come from several distinct sources. Firstly, we note the limitations stemming from (i) lack of evidence on specific anatomical biomarkers of chiasmal malformations. Secondly, we acknowledge the limitations caused by data scarcity affecting the (ii) interpretability of the model, (iii) quantity and heterogeneity of the data, and (iv) quality of the data and labels. Finally, we note that the study might be partially affected by unavoidable (v) limitations in the design and training of the CNN.


Identification of Anatomical Biomarkers of Chiasmal Malformations

An important step in the validation of a diagnostic tool is the demonstration of its sensitivity to meaningful individualized biomarkers of the disease. Unfortunately, the evidence for such specific anatomical biomarkers of chiasmal malformations is missing. Although previous studies (Schmitz et al., 2003; von dem Hagen et al., 2005) provided a list of candidate features distinguishing normal from abnormal chiasms (width of chiasm, optic nerves and optic tracts, angle between optic tracts), none of these features were investigated in the context of individualized diagnostics. This lack of literature on the anatomy-based detection of chiasmal malformations was also the primary reason for the choice of our method here, which aimed at the investigation of the generalized applicability of CNNs for the purpose of detection of chiasmal malformations.



Interpretability of the Convolutional Neural Network

While the missing knowledge on specific relevant anatomical biomarkers of chiasmal misrouting can be retrieved by the identification of features driving the correct diagnostics, this process requires the CNN to be interpretable, i.e., to grant insight into identifying the input features driving the outcome decision. This property is, however, not generally available for all the CNNs but is rather dependent on their task. Specifically, in the case of described segmentation CNN (as chosen in this study to avoid dependence on the scarce data on chiasmal malformations), there are strong limits of the possibilities for visualization of the inference process. This limitation does not apply to the classification CNNs, where several interpretation techniques (Montavon et al., 2018) such as Grad-CAM (Selvaraju et al., 2017) can be implemented. These, however, require extensive datasets. Additionally, as this type of network uses both normal and abnormal data for training, it allows for extensive validation of features that drive the CNN’s decision that will lead to understand their placing in the normal–abnormal spectrum. In summary, we note that while the employed approach provides the evidence that certain anatomical biomarkers of chiasmal malformations exist, the next step should involve their identification with a classifying CNN trained on larger datasets comprising both normal and abnormal data.



Quantity and Heterogeneity of the Data

Although our study’s design enabled us to take advantage of the massive HCP dataset and train the CNN on much bigger samples than typically used, the rarity of albinism (and other cases of congenital malformations of the chiasm) severely limited the size of the training sample. For the same reasons, we were limited to testing data from only one site, which prevented us from investigation of impact of scanner and data acquisition protocol on the method’s outcome. Moreover, this limited our estimates of the accuracy and robustness of the presented method.



Quality of Data and Labels

Although the HCP dataset is well-known for setting standards in MRI data quality assessment, it does not contain any clinical information pertaining to the participants’ visual system evaluations. Furthermore, the training dataset might include participants with retinal and/or optic nerve disorders in proportions corresponding to their representation in the real world. This prevalence is, however, not expected to influence the outcome of CNN training, but even if so, this would cause underestimation of our method’s performance, rather than overestimation.

Similarly, although the CHIASM datasets provides findings of ophthalmologic examination of included participants, it does not provide information about the types of albinism represented in the dataset (e.g., oculo-cutaneous, ocular albinism).

Finally, the quality of automatically generated training labels is inferior to the ones created manually. Although we provide evidence that this does not impact the general outcome of the study, we acknowledge the use of manually defined labels to be the optimal approach.



Convolutional Neural Network Design and Training

Due to the models’ complexity and high dependence on the underlying data, the Deep Learning modeling approach is mainly driven by empirical, rather than theoretical, evidence. Consequently, despite the choice of employing an established 3D U-Net architecture, which was reported to perform well in similar task, we cannot rule out that other architectures would not provide better results. Similarly during CNN training, although we tried several combinations of hyperparameters and reported the ones yielding the best results, it is nearly impossible that we found the globally optimal configuration of the CNN network’s parameters.
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Pathologies affecting central vision, and macular degeneration (MD) in particular, represent a growing health concern worldwide, and the leading cause of blindness in the Western World. To cope with the loss of central vision, MD patients often develop compensatory strategies, such as the adoption of a Preferred Retinal Locus (PRL), which they use as a substitute fovea. However, visual acuity and fixation stability in the visual periphery are poorer, leaving many MD patients struggling with tasks such as reading and recognizing faces. Current non-invasive rehabilitative interventions are usually of two types: oculomotor, aiming at training eye movements or teaching patients to use or develop a PRL, or perceptual, with the goal of improving visual abilities in the PRL. These training protocols are usually tested over a series of outcome assessments mainly measuring low-level visual abilities (visual acuity, contrast sensitivity) and reading. However, extant approaches lead to mixed success, and in general have exhibited large individual differences. Recent breakthroughs in vision science have shown that loss of central vision affects not only low-level visual abilities and oculomotor mechanisms, but also higher-level attentional and cognitive processes. We suggest that effective interventions for rehabilitation after central vision loss should then not only integrate low-level vision and oculomotor training, but also take into account higher level attentional and cognitive mechanisms.
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INTRODUCTION

With the growing elderly population in the United States and worldwide, age-related diseases are becoming a serious health issue that demands increasingly high healthcare expenditures (agingstats.gov). Among these conditions, pathologies affecting vision are particularly serious, with macular degeneration (MD), one of the most common causes of vision loss, projected to affect 248 million people worldwide by 2040 (Wong et al., 2014). Given its crucial role among human senses, consequences of loss of central vision are manifold, and affect visual abilities, eye movement strategies and even cognitive networks.

In this paper, we briefly review current non-invasive rehabilitative interventions for central vision loss (focusing on MD), in particular those within the fields of vision science and optometry, discuss strengths and limitations, and propose a new approach to rehabilitation and assessment in low vision that integrates insights from both fields.



MACULAR DEGENERATION: AN OVERVIEW

Macular degeneration is characterized by damage to photoreceptors in the center of the visual field, which in turn has detrimental effects on daily tasks such as navigating, reading, and recognizing faces. MD can be of two types, wet (exudative) or dry (geographic atrophy) (Ferris et al., 1984; Zarbin, 2004; de Jong, 2006). Wet MD is usually caused by abnormal blood vessels leaking fluid into the foveal region of the retina, it has a more abrupt onset than dry MD and patients often experience sudden loss of central vision. Dry MD is a congenital pathology, which usually manifests with retinal scotomas (blind portions of the visual field) progressively leading to central vision loss. While initial symptoms are usually limited to distortions of the retinal grid and shadows (Simunovic, 2015), late stage MD results in a large dense central scotoma that encompasses the fovea and the perifovea, extending up to 20° in the periphery (Cheung and Legge, 2005). Consequences of MD are large-scale, and involve difficulties in reading (Bullimore and Bailey, 1995), recognizing faces (Bernard and Chung, 2016), driving (Bowers et al., 2005) eventually taking a toll on the quality of life of these individuals (Šiaudvytyte et al., 2012).

Macular degeneration patients tend to spontaneously develop compensatory strategies to cope with the loss of central vision. A common strategy observed in this clinical population is the adoption of a peripheral retinal region in substitution of the fovea, usually referred to as the preferred retinal locus (PRL) (von Noorden and Mackensen, 1962; Fletcher and Schuchard, 1997). This retinal spot effectively takes over duties of the fovea as a locus of fixation and, in some cases, oculomotor reference (White and Bedell, 1990; Whittaker and Cummings, 1990). However, not all patients manage to develop a PRL, effective use of PRLs varies across patients, and the mechanisms of PRL development are still not clear. While evidence from the simulated scotoma literature suggests that peripheral retinal regions with higher attentional capabilities might be good candidates for developing a PRL (Barraza-Bernal et al., 2017), no definitive evidence of this mechanism exists in the clinical literature. It seems that several aspects of residual vision play a role in determining PRL formation, including: visual acuity, residual size of the visual field, dimension of the scotoma, proximity of the fovea, visual task and light conditions (Lei and Schuchard, 1997; Duret et al., 1999; Safran et al., 1999; Altpeter et al., 2000; Déruaz et al., 2002). In some cases, different PRLs are used by the same patient depending on the tasks demands (Lei and Schuchard, 1997; Sullivan et al., 2008; Crossland et al., 2011), with fine acuity judgments placing different demands on the visual periphery than tasks such as face recognition that involve integration across multiple features. Moreover, even when patients do develop a PRL, they still struggle with numerous visual abilities which are naturally reduced in the periphery, including: contrast sensitivity, orientation discrimination, visual acuity (Johnson et al., 1978), word identification speed (Latham and Whitaker, 1996), among others. These functional properties come about at least in part because of structural and anatomical limitations of peripheral vision (Strasburger et al., 2011), which constrains vision quality within the PRL.

Additionally, loss of central vision not only irreversibly compromises the retinal location with the highest visual resolution, but also deprives the visual system of its oculomotor reference for planning and executing saccades (White and Bedell, 1990; Whittaker and Cummings, 1990). While some patients spontaneously learn to use the PRL as their reference for ballistic eye movements, in a process called “saccadic re-referencing” (White and Bedell, 1990), this is not always the case and often patients experience partial or no re-referencing (Crossland et al., 2005). The process of re-referencing seems to be further complicated by differences in oculomotor behavior between volitional and automatic saccades (Chung, 2013b), with some participants showing re-referencing for one type but not the other (White and Bedell, 1990). Even in cases of complete saccadic re-referencing toward the PRL, the reduced fixation stability (Culham et al., 1993; Crossland et al., 2005) and eye movement control (Timberlake et al., 1986; Whittaker et al., 1991) of the periphery, limit eccentric vision.

Further, patients with MD are usually elderly, a population characterized by generally reduced visual functions, including contrast sensitivity (Richards, 1977; Derefeldt et al., 1979), visual acuity (Chapanis, 1950; Kahn et al., 1977), and orientation discrimination (Betts et al., 2007). In general, vision with the PRL presents several challenges for the patients and currently the mechanisms and time course of its development are still unclear: there is evidence suggesting that the PRL is not necessarily the most sensitive portion of the spared retina (Fine and Rubin, 1999; Petre et al., 2000); that it might take months to develop and its location can change over time (Crossland et al., 2005), or that some patients never develop one (Fletcher and Schuchard, 1997).

Crucially, loss of central vision might bear consequences reaching far beyond perceptual and oculomotor brain regions. When patients develop compensatory oculomotor strategies to bypass the foveal reference, these are accompanied by concomitant changes in attentional deployment strategies. For example, the fact that objects attracting attention now require eye movements to bring them to the PRL rather than the fovea means that attention processes need to be remapped to incorporate the PRL. Consistent with this, neuroimaging data shows that learning to use peripheral vision requires that participants with MD integrate their PRL with cognitive control networks (Sabbah et al., 2017).

Consequences of central vision loss are dramatic for the patients’ quality of life and there still is a lot to be understood concerning the mechanisms behind the spontaneous compensatory strategies that patients adopt, whose variety seems reflected in studies with simulated scotoma as well (Maniglia et al., 2020a), a recently adopted paradigm which may help in developing targeted rehabilitative interventions. In regard to treating MD, while invasive approaches (e.g., intravitreal anti-vascular endothelial growth factor agents, Ammar et al., 2020) are used to counteract the effects of the exudative form of MD (Wet AMD), no current standard intervention exists for the progressive type of MD (dry MD), which accounts for 85% of the cases (Jager et al., 2008). To date, non-invasive approaches to low vision rehabilitation come from the neighboring fields of vision science and optometry and are generally of two types: oculomotor and perceptual. These approaches adopt different theoretical frameworks and focus on different aspects of the rehabilitative path: oculomotor approaches teach patients to improve their eye movement control and coordination, sometimes by training them to use a different (and more appropriate) peripheral retinal spot in substitution of their spontaneously developed PRL (Nilsson, 1990; Nilsson et al., 2003; Verdina et al., 2013, 2020; Morales et al., 2020), while perceptual interventions focus on alleviating the limitations of peripheral vision by improving general peripheral visual abilities or vision within the PRL (Chung, 2011; Plank et al., 2014; Tarita-Nistor et al., 2014; Maniglia et al., 2016, 2020b). While there exist other types of intervention, such as the use of low vision aids and magnification devices (Bailey, 1987; Chung and Johnston, 1989; Markowitz, 2006), which often represent the first line of intervention in MD rehabilitation, these find limited use because of their limited practical use in activities of daily life such as dressing an eating (Jeong and Moon, 2011). In the following sections, we discuss strengths and limitations of oculomotor and perceptual approaches to central vision loss rehabilitation.



OCULOMOTOR INTERVENTIONS

Research on oculomotor interventions finds improvements in reading speed, fixation stability and visual acuity when MD patients are trained with eye tracking technology (Nilsson et al., 2003; Verdina et al., 2013, 2020; Morales et al., 2015, 2020) or computerized programs (Nilsson et al., 2003; Coco-Martin et al., 2013; Rosengarth et al., 2013) to improve muscle control, eye movement coordination and fixation stability. These approaches are usually conducted under the constant supervision of therapists and in some cases involve the use of magnification devices.

An interesting approach involves teaching MD patients to use a different peripheral retinal spot [trained retinal locus (TRL)] in lieu of their PRL located in a more convenient portion of the spared peripheral retina (Nilsson, 1990; Nilsson et al., 2003; Estudillo et al., 2017; Morales et al., 2020). The TRL is usually chosen to be in an area large enough to accommodate multiple characters (to allow reading) and with a relatively high visual acuity (to allow letter recognition). In a retrospective study on MD patients who were trained with the TRL protocol from the Macular Integrity Assessment (MAIA) microperimetry, Estudillo et al. (2017) reported improvement in monocular fixation stability, reading speed, and visual acuity, measured 1 week after training was completed. Daibert-Nido et al. (2019), in a similar retrospective study on a cohort of patients with different retinal pathologies, reported visual acuity gain after training in MD patients. All participants trained with a TRL showed a shift in PRL location toward the superior quadrant of the retina. Similarly, Morales et al. (2020) and Sahli et al. (2020) using microperimetry-informed biofeedback fixation training to teach patients to use a more convenient retinal location for fixation, reported improvement in fixation stability, reading acuity, reading speed and in self-reported visual functions (as assessed by the VFQ-25).

However, a limitation of oculomotor approaches is that the mechanisms of neural plasticity associated with these clinical approaches are not well studied. To date, only one neuroimaging study investigated neural plasticity changes associated with eye movement training (Rosengarth et al., 2013). In this study, no significant changes in blood-oxygen-level-dependent (BOLD) signal were observed in early visual (V1, V2, and V3) or higher-level associative areas (LOC, fusiform gyrus, ITG), however a positive correlation was found between changes in fixation stability and changes in brain activation in these areas after the first stage of training. Additionally, except for recently introduced automatized programs (e.g., biofeedback training from MAIA, see Nilsson, 1990; Nilsson et al., 2003; Estudillo et al., 2017; Morales et al., 2020), these interventions seem to vary greatly and rely on the expertise and subjective approach of each therapist. Additionally, trial studies using these techniques are sometimes lacking robustness, which hinders a proper evaluation of efficacy (Gaffney et al., 2014). In general, optometry training requires highly specialized personnel and, in some cases, expensive equipment (i.e., microperimetry devices).



PERCEPTUAL INTERVENTIONS

Approaches focusing on perceptual interventions commonly stem from the field of Perceptual learning (PL), which examines how perceptual skills improve following extensive task practice, in a process mediated by neural plasticity (Sagi, 2011). Collectively PL research shows that visual training on simple tasks of orientation discrimination, contrast detection and letter recognition can improve visual acuity, contrast sensitivity and reduce visual crowding in the PRL of MD patients (Chung, 2011; Plank et al., 2014; Maniglia et al., 2016, 2020b). The rationale behind PL approaches is that training on basic visual features can induce beneficial neural plasticity in early visual areas, which in turn improves visual processing at later stages (Polat, 2009), leading to, in at least some cases, generalization of learning from the trained task to other visual abilities that may share common neural substrates. This concept holds great promise for rehabilitation after MD, since it involves improvements in visual processing that do not depend on the retina and its integrity.

For example, two studies (Chung, 2011; Tarita-Nistor et al., 2014) trained MD participants using a Rapid Serial Visual Presentation (RSVP) paradigm, in which a series of visual stimuli (in this case words) were briefly presented on a screen and participants were asked to identify them. Results showed improvements in the trained task in both studies, with some evidence that learning can generalize to reading acuity and maximum reading speed (Tarita-Nistor et al., 2014). These learning gains are thought to be due to the use of near-threshold stimuli, which can promote both learning gain (Tsodyks and Gilbert, 2004; Seitz and Watanabe, 2005; Sagi, 2011) and transfer (Polat, 2009). However, Plank et al. (2014) trained MD patients with a classic texture detection paradigm (Karni and Sagi, 1991), reporting improvements in the trained task but limited transfer of learning beyond the specifics of the trained task (although there was some transfer to Vernier Acuity). This may be because the task used has shown high orientation and spatial location specificity in previous research (Karni and Sagi, 1991). More recently Maniglia et al. (2016; 2020b) trained MD patients with a lateral masking configuration similar to one previously used to treat amblyopia (Polat et al., 2004) and myopia (Tan and Fong, 2008), a protocol that has shown to promote generalization of learning in mild visual pathologies (Polat, 2009) and healthy peripheral vision (Maniglia et al., 2011). Results showed that patients improved in untrained visual abilities such as contrast sensitivity function and visual acuity; additionally, when the lateral masking training was preceded by a training to improve fixation stability, usually poor in the MD population (Macedo et al., 2011), this training led to reduction of crowding and improved reading speed (Maniglia et al., 2020b). Overall, these studies suggest potential of perceptual learning based methodologies as potential methodologies to improve vision after central vision loss.

However, while promising, to date perceptual learning paradigms have shown only moderate effectiveness in MD, in particular in producing learning generalization (Chung, 2011; Plank et al., 2014; Maniglia et al., 2016, 2020b), which is a fundamental outcome for clinically relevant intervention. A possible reason is that most perceptual learning approaches were originally developed to train vision in those with intact central vision and do not necessarily address the particular needs of the visual system after central vision loss. For example, theoretical frameworks underlying perceptual learning often target brain plasticity to overcome optical limitations (myopia, presbyopia) or neural atypicalities (amblyopia) in clinical populations. In these studies, participants are trained on simple perceptual tasks such as orientation discrimination or contrast threshold and achieve a post-training visual performance that is comparable to that of individuals with a healthy visual system (Tan and Fong, 2008). In the context of MD, in which central vision loss cannot be reverted, current perceptual learning approaches have focused on improving basic visual functions in a peripheral region (the PRL) to be more like performance in central vision, thus improving visual acuity, contrast sensitivity or visual crowding (Chung, 2011; Plank et al., 2014; Maniglia et al., 2016, 2020b). A common limitation of these studies is that, with some exceptions (e.g., Chung, 2011), the monitoring of eye movements is either conducted in the absence of concomitant fundus imaging, which may affect the accuracy of the calibration (Rosengarth et al., 2013; Plank et al., 2014) or eye tracking is replaced by visual aids (Astle et al., 2015; Maniglia et al., 2020b) leading to a less precise retinal localization.

This suggests a fundamental difference between what classic studies of perceptual learning aim to achieve in pathologies in which the photoreceptors are not strongly affected (e.g., amblyopia, presbyopia, and myopia) vs. in MD where central vision is lost. After central vision loss, the goal of a rehabilitative approach is not only to improve peripheral vision, but it is also necessary to re-reference the periphery so that eye movements are now directed to peripheral locations rather than the fovea, which is now non-functional. The anatomical network that originally had one role (the functions of peripheral vision) must be modified so that it performs a different role (the functions of central vision), and this can happen through training-induced neural plasticity.

Thus perceptual learning in MD needs to be targeted to induce a different form of plasticity than that of standard perceptual learning (SPL) paradigms, potentially at a larger scale than in amblyopia, presbyopia or myopia. It follows that adopting training paradigms designed to improve the “visual performance” in the PRL might only be targeting one component of what is needed to improve ecological vision in the PRL: Neural plasticity has to use what is structurally available and reroute it to improve residual vision, an effort that requires larger-scale plasticity (beyond sensory areas) with respect to SPL and involves multiple brain regions and networks. Recent manipulations of classic PL paradigms, involving exogenous attention (Szpiro and Carrasco, 2015), concomitant brain stimulation (Camilleri et al., 2014; Contemori et al., 2019), and training two different tasks (e.g., orientation discrimination and contrast detection) within the same training regime (Xiao et al., 2008), which showed larger learning and training effects, might provide promising templates to be successfully implemented in the treatment of MD.

Still, to develop an effective rehabilitative intervention in the context of central vision loss, it is necessary incorporate into the training the larger-scale consequences of central vision loss that go beyond sensory and oculomotor areas and also considers plasticity in cognitive control networks.



POTENTIAL ROLE FOR COGNITIVE CONTROL INTERVENTIONS

After binocular central vision loss, the normal locus of fixation and target of eye movements (the fovea) is no longer viable. Thus, MD patients must learn to perform visual tasks using a peripheral portion of the retina. This requires orienting and stabilizing eye movements toward that peripheral location, but also requires learning to attend to peripheral vision.

Spatial attention is a critical component of vision that allows improvements in processing of selected stimuli (Carrasco, 2011). Normally sighted individuals attend to central vision the majority of the time. Those with central vision loss must learn to attend instead to the periphery. Thus, attention networks that usually help process information in central vision must now direct resources to peripheral vision. Although studies of PL typically focus on learning stimulus features, research shows that attention and cognitive control (Ahissar and Hochstein, 1993; Schoups et al., 2001; Byers and Serences, 2012; Bays et al., 2015; Szpiro and Carrasco, 2015) play key roles in PL. Studies using the simulated scotoma paradigm showed improved performance on an attention task preferentially in a trained PRL vs. untrained locations (Liu and Kwon, 2016) and that normally sighted individuals can learn to maintain stable fixation at a PRL when central vision is occluded (Kwon et al., 2013).

Attention and eye movements are inextricably linked, with eye movements to a visual field location referred to as “overt attention” (Moore, 2001). The ability to easily focus spared vision onto peripheral objects, and to make eye movements so spared vision (the PRL) is “re-referenced” to land and stay stable on these objects is one of the most fundamental aspects of visual performance changes after central vision loss, and a common clinical target for MD (Frennesson et al., 1995; Seiple et al., 2005; Pijnacker et al., 2011). However, most PL studies do not address eye movements or spatial attention more generally, and instead discourage eye movements and require maintained focus to the same location throughout training (e.g., RSVP paradigms).

Most natural vision tasks jointly involve visual sensitivity, spatial integration and eye movements. Although a complete dissociation of these is not possible, and other candidate domains could be considered, these three domains are well documented to be important for PL.



SPONTANEOUS PLASTICITY AFTER MACULAR DEGENERATION

There is robust evidence of spontaneous neural plasticity changes in individuals with central vision loss even before taking part in vision training studies or rehabilitation interventions (Baker et al., 2005; Dilks et al., 2009, 2014; Chung, 2013a; Haun and Peli, 2015; Maniglia et al., 2018). In particular, neuroimaging studies suggest that early visual cortex undergoes spontaneous reorganization of varying degrees depending on factors like the extent of residual foveal vision (Baker et al., 2005; Dilks et al., 2009, 2014) and type of task (Masuda et al., 2008; Wandell and Smirnakis, 2009; Baseler et al., 2011), however it is still debated whether this neuroimaging evidence reflects a real remapping of early visual cortex (Baker et al., 2005; Dilks et al., 2009, 2014) or is due to attentional/higher-level feedback (Masuda et al., 2008; Wandell and Smirnakis, 2009).

Similarly, psychophysical studies in MD patients suggest that spontaneous cortical reorganization might be responsible for observed changes in the crowding zone around the PRL (Chung, 2013a). Crowding, the inability to identify a target when presented embedded between similar elements (Levi, 2008), has a characteristic radial-tangential anisotropy that, while almost negligible in the fovea, increases with eccentricity. Chung (2013a) showed that such radial asymmetry, which would be expected in a peripheral retinal location like the PRL, was almost absent in MD patients, suggesting a fovea-like reorganization in the PRL. Interestingly, the change in the shape of the crowding zone reported by Chung (2013a) is consistent with that observed in individuals trained with artificial scotomas (Chen et al., 2019). Maniglia et al. (2018) observed that MD patients showed reduced lateral inhibition in their PRL with respect to healthy participants tested at the same eccentricity. Lateral inhibition is usually considered an early visual cortex phenomenon (Polat et al., 1998) and previous studies showed that it decreases with visual training (Polat and Sagi, 1994; Maniglia et al., 2011). These findings suggest that MD patients might have reduced their lateral inhibition around the PRL through use-dependent plasticity.

In general, this spontaneous reorganization after retinal lesion might also be responsible for some of the differences observed in perceptual and training effects in patients with central vision loss with respect to healthy participants (Van der Stigchel et al., 2013; Haun and Peli, 2015). Plank et al. (2014) investigated neural plasticity changes in MD patients after PL training. They used a texture discrimination task and reported that, in those participants with good fixation stability, visual stimulus-driven BOLD signal in early visual cortex increased with training. This work suggests that neural processing of the visual stimuli in perceptual areas of the MD brain is influenced by training.

Other work supports the hypothesis that learning to use peripheral vision involves not only perceptual and oculomotor systems, but also integrating cognitive control with vision. Work in both patients with MD and controls suggests that visual field-specific variation in sustained attention influences choice of a PRL (Altpeter et al., 2000; Barraza-Bernal et al., 2017). Studies in healthy participants showed that cortical regions processing central vision are preferentially connected to fronto-parietal brain regions associated with attention (Griffis et al., 2017; Sims et al., 2021) with respect to regions processing peripheral vision, which is consistent with stronger top-down control of central vision (Chen and Treisman, 2008; Zhaoping, 2017).

Therefore, being forced to shift to a non-foveal reference has larger consequences than just reduced visual acuity: the visual system must change its default strategies of orienting attention (and consequently eye movements) from the fovea to the PRL. Neuroimaging data further supports the hypothesis that learning to use peripheral vision requires that participants with MD integrate their PRL with cognitive control networks. Recent evidence shows that loss of central vision affects connectivity to parietal brain regions associated with attention and cognitive control (Sabbah et al., 2017). Together these data show that learning to use peripheral vision after MD also involves cognitive control and attention.

Further, data from healthy controls show that functional connectivity between early visual areas and areas associated with attention/cognitive control (Altpeter et al., 2000; Li et al., 2004; Dosenbach et al., 2008) are stronger in representations of central than peripheral vision (Griffis et al., 2015; Sims et al., 2021). While extant literature has not explicitly addressed PL-based reorganization of attention networks after central vision loss, there is substantial evidence that attention processes are highly plastic (Frankó et al., 2010; Byers and Serences, 2012; Bays et al., 2015), and that attentional processes are altered in MD (Baker et al., 2005; Masuda et al., 2008; Dilks et al., 2009).

Contrary to the ecological learning conditions of MD, the majority of perceptual learning approaches involve maintaining attention at the same location throughout the task and typically discourage eye movements (Chung, 2011; Plank et al., 2014; Tarita-Nistor et al., 2014; Maniglia et al., 2016, 2020b). Thus there is a wide gap between the mechanisms that are the typical targets of the perceptual and oculomotor approaches, where they rely upon different theoretical foundations (sensory improvement in the former and eye movement control in the latter), but also likely impact different brain networks (eye movement and cognitive control networks in the former, and early visual cortex in the latter). This may explain why each has mixed success; their efficacy may depend upon which visual processes individual patients have the greatest need for training. To date there has been little mix between the two approaches. For example, a recent study combined a simple fixation stability training with perceptual learning training on contrast sensitivity in MD, without recording eye movements (Maniglia et al., 2020b) while another study, using the simulated scotoma framework (see next section for details), combined perceptual learning with oculomotor training (Liu and Kwon, 2016). However, to date, no rehabilitative intervention has systematically compared oculomotor training and low-level perceptual learning or combined the two in patients with central vision loss.



SIMULATED SCOTOMA AS A MODEL SYSTEM FOR MACULAR DEGENERATION

Recently, a new approach has been developed that uses eye tracking-based simulation of central vision loss in normally seeing individuals as a lab-based model system to study vision in the presence of a central scotoma, in particular oculomotor strategies, PRL development, and clinical interventions in controlled environment (Bertera, 1988; Fine and Rubin, 1999; Pidcoe and Wetze, 2006; Aguilar and Castet, 2011; Kwon et al., 2013; Walsh and Liu, 2014; Liu and Kwon, 2016; Barraza-Bernal et al., 2017a,b; Chen et al., 2019; Maniglia et al., 2019, 2020a; Costela et al., 2020; Xie et al., 2020). In this framework, an opaque occluder of a few degrees radius is generated and controlled by a computer connected to an eye tracker to obstruct central vision in real time. This approach has been used in a large number of studies, which have made clear that the paradigm can influence participants’ visual experiences (Kwon et al., 2013; Walsh and Liu, 2014; Barraza-Bernal et al., 2017a,b; Chen et al., 2019; Maniglia et al., 2020a). This paradigm addresses issues of recruitment and compliance that often characterize clinical research, thus offering a promising alternative to the direct involvement of MD patients.

In particular, simulating central vision loss might shed light on the mechanisms underling eye movement strategies and PRL development in the MD population (Crossland et al., 2005). A better understanding of such strategies may allow for the development of individualized training, which can be tailored to each patient’s oculomotor profile or, conversely, could identify more effective oculomotor strategies that could be taught to patients. Figure 1 shows a typical example of a simulated scotoma. While they share many similarities with scotomas found in MD, a key difference (beyond that simulated scotomas are studied in otherwise visually healthy individuals) is that simulated scotomas are often more regular than real scotomas and present an explicit obstruction of central vision, unlike pathological scotomas that nearly always lead to visual filling-in of the blind spot(s).
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FIGURE 1. (A) Typical representation of the visual field of a patient with central vision loss. In reality, patients with central vision loss are rarely aware of the location and extent of their scotoma, and, crucially, said scotoma does not present clear-cut borders as it is the case of the artificial scotoma, which is shown in panel (B). A typical compensatory strategy in patients with central vision loss is the development of a peripheral retinal locus, or PRL, an eccentric fixation region close to the border of the scotoma, that patients use to fixate and solve demanding visual tasks, i.e., face recognition. Panel (C) shows where the scotoma might be placed to allow the face in the image to fall outside the scotoma and on the PRL. Panel (D) shows placement of a simulated scotoma allowing the face to be visible. Note once more that the hard edges of the simulated scotoma are different from the true scotoma, and may contribute to speeded development of a PRL with this paradigm (Walsh and Liu, 2014).


The simulated scotoma model is increasingly being used to test training protocols with potential rehabilitative applications. For example, Kwon et al. (2013) showed that healthy participants trained with a visual search protocol incorporating the simulated scotoma developed oculomotor strategies similar to those observed in MD patients. Namely, participants developed a PRL for fixation and re-referenced saccades toward that PRL. Walsh and Liu (2014) showed that participants trained with a similar paradigm (but with an “invisible” scotoma, i.e., an occluder of the same color as the screen’s background), would most commonly develop a single PRL, as observed in patients. This was despite the lack of an incentive to select and consolidate a single retinal location, and was in fact less efficient than using multiple, functionally comparable peripheral retinal locations (Xie et al., 2020). In other words, healthy vision participants tend to develop a PRL similar to that observed in MD patients. Interestingly, Barraza-Bernal et al. (2017), in another training study using simulated scotoma, showed that locations in the peripheral visual field with high attentional capabilities are likely candidates for PRL development. Following these studies that focused on oculomotor behavior, others showed that visual training in conditions of simulated central vision loss leads to improvement in both oculomotor and perceptual functions, such as fixation stability, saccadic re-referencing toward the PRL (Maniglia et al., 2020a) peripheral visual acuity (Maniglia et al., 2020a) and reading (Liu and Kwon, 2016).

However, there are several differences between pathological and simulated scotomas. As examples, simulated scotomas are typically uniform across time and have visible boundaries, which may be used as an oculomotor reference to redirect saccades (Van der Stigchel et al., 2013; Walsh and Liu, 2014), and those with simulated scotomas experience central vision loss for a short period a day and for just a few handfuls of days. On the other hand, in MD, the size and shape of scotomas change progressively across time, patients are typically unaware of their boundaries (Safran and Landis, 1999; Fletcher et al., 2012), and studied patients often have years of experience with full-time central vision loss (Crossland et al., 2005). Also, notably, PRL development is often slow for MD patients (Crossland et al., 2005) while it seems to be much faster in the case of simulated scotoma (Kwon et al., 2013), perhaps due to the visible boundaries of the occluder (Walsh and Liu, 2014).

Indeed, patients with MD are typically unaware of the size, location or even existence of their scotoma (Safran and Landis, 1999; Fletcher et al., 2012) and often struggle for months to develop a PRL (Crossland et al., 2005). Still, qualitative similarities between studies of peripheral looking strategies in patients with MD and research participants with simulated scotomas abound, including recent evidence that healthy participants trained with asymmetrical scotoma sizes maintain the PRL of the eye with the smaller scotoma (Lei and Chung, 2020), or that they maintain constancy of PRL location and oculomotor characteristics across tasks (Barraza-Bernal et al., 2017; Maniglia et al., 2020a) or scotoma size (Costela et al., 2020), all of which can be observed in clinical reports of numerous MD patients.



TOWARD AN INTEGRATED INTERVENTION FOR CENTRAL VISION LOSS

Our central premise is that translational approaches to rehabilitation in individuals with MD can be advanced by approaching intervention in a coordinated way that takes into account eye movement planning, cognitive control mechanisms and perceptual training. This more holistic intervention approach for patients with central vision loss takes into account the multitude of systems and networks affected by loss of central vision (Figure 2). This figure illustrates our proposal that an effective intervention should jointly operate on all the levels that are compromised by the loss of central vision, namely low-level vision, oculomotor control and cognitive control. Specifically, low-level vision could be improved by training contrast detection and visual acuity, similar to what current PL paradigms do (Chung, 2011; Plank et al., 2014; Tarita-Nistor et al., 2014; Maniglia et al., 2016, 2020b); oculomotor control can be trained with eye tracking technology (Nilsson et al., 2003; Verdina et al., 2013, 2020; Morales et al., 2015, 2020) or computerized programs (Nilsson et al., 2003; Coco-Martin et al., 2013; Rosengarth et al., 2013); and cognitive control can be trained with visual search and/or tasks engaging various components of attention. Such an approach takes into account the large-scale consequences of central vision loss, rather than focusing on single aspects or systems.
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FIGURE 2. Multidimensional approach to low vision rehabilitation in MD. Figure illustrates how each of visual perception, oculomotor control and cognitive control are interconnected dimensions of vision that contribute to effective vision.


We tested a prototype of the integrated paradigm, called coordinated attentional training (CAT), where we combined classic low-level vision and oculomotor approaches from vision science and optometry interventions (perceptual improvement and oculomotor coordination), with elements that explicitly target higher level, cognitive control networks. To do so, CAT utilized a contrast detection task with random stimulus presentation and visuo-acoustic cues (see below for details). In order to successfully complete the task, the participant is required to: (i) maintain vigilance for relatively long periods, (ii) detect objects in the near periphery, (iii) orient attention to objects quickly, and (iv) move areas of spared vision (outside of the artificial scotoma) to those locations. These functions are associated with cingulo-opercular and fronto-parietal brain network (Altpeter et al., 2000; Li et al., 2004; Dosenbach et al., 2008).



PRELIMINARY TESTS OF INTEGRATED INTERVENTION

As proof of principle, we report early results from two studies, one conducted with healthy participants trained with simulated scotoma and the other with MD patients. 19 healthy participants for the simulated scotoma study (20.4 ± 1.8 years, 12 females) and 11 MD patients (62.6 ± 15.8 years, 6 females) were randomly assigned between CAT (10 healthy participants and 6 MD patients, see Figure 3) or a SPL approach (9 healthy participants and 5 MD patients). In the MD study, patients were selected according to the following inclusion criteria: diagnosis of binocular dry MD with central scotoma >2 degrees with record of stability >2 years. All MD had received some form of visual rehabilitation before the study, albeit none of them took part in a perceptual learning study. We note that participants are not age-matched between these two studies. While it is conventional to use younger participants in research using simulated scotomas (e.g., Kwon et al., 2013; Liu and Kwon, 2016; Barraza-Bernal et al., 2017), this does limit direct comparisons between the two groups.
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FIGURE 3. Coordinated attentional training (CAT) display. The target, a Gabor patch tilted left or right, appears in a random location on screen, accompanied by a visual (left) and an acoustic (right) cue. The visual cue, a circle surrounding the target, is either bright (100% luminance) or dim (60% luminance). The auditory cue is a simple tone whose pitch is mapped to the y axis of the target (lower for the bottom of the screen, higher for the top) and whose left-right panning target (based upon inter-aural time/level differences) depends on the target location on the x axis.


In SPL, the target, a Gabor patch, appeared always in the center of the screen, and was coupled with a neutral acoustic cue. In CAT, the target could appear anywhere on screen, requiring a search and re-orienting of gaze toward the target. The target was accompanied by a visual cue (a circle around the target) that was either bright (100% luminance) or dim (60% luminance), meaning that on some trials the target would be located via parallel search while in others it would require serial search. Additionally, the target in CAT was accompanied by an auditory cue indicating its position on screen. Specifically, the auditory cue would be panned left or right according to the horizontal position of the target (based upon inter-aural time/level differences) and its pitch would be higher or lower depending on the target position along the vertical axis. Thus, while SPL involved a more standard, static perceptual learning paradigm, CAT incorporated shifts of attention toward different (multisensorily) cued locations in space.

The training regime was composed by 10 daily sessions of 500 trials. In both types of training, contrast and spatial frequency of the Gabor patch were subject to a staircase procedure: specifically, the contrast started from 20% and progressively decreased following correct responses according to a 3:1 staircase (after 3 correct responses, the contrast was decreased by, or after 1 incorrect response increased by, 0.1 log units). Once a 1% contrast was reached, the spatial frequency (that started at 3 cycles per degrees [cpd]) would double, while the contrast would reset to 20%. Participants received auditory feedback on their performance. During training, the target was always visible and remained on screen until the participant’s response. Participants were instructed to report the orientation of the target as quickly and accurately as possible. Each training session lasted 500 trials (∼45 min). We note that during training we did not enforce fixation either in patients or those with a simulated scotoma so that they would have opportunity to “discover” and then train what peripheral looking strategies might work best for them. Participants were tested on a series of assessment tasks aimed at measuring both low-level, perceptual functions (i.e., contrast sensitivity, visual acuity, visual crowding), and mid- and higher-level visual and cognitive functions (i.e., motion detection, reading speed and acuity, and functional attention as assessed with the Trail Making Test). For both healthy participants and MD patients, viewing was binocular during training and assessments.

In the simulated scotoma study, an opaque disk of 75% luminance and 10 degrees diameter was presented at all times in the center of the visual field of the participants, rendered in real time by a gaze-contingent protocol based on eye positions recorded by a high-sampling rate eye tracker (Eyelink 1000, 500 Hz), which was used to render the scotoma with minimal latency (28 ms, median value of 50 measurements, corresponding to three frames in the worst-case scenario).

While the sample size is small, we note that there is some evidence of statistically reliable gains from the CAT paradigm. Repeated measure ANOVA with Time and Group as factors showed a significant main effect of training on visual acuity in the MD group (F(1,9) = 7.067, p = 0.026, η2 = 0.005, Bayes factor = 2.826). Paired t-tests within each group showed significant training effect for the CAT group (t(5) = 2.654, p = 0.023), but not SPL (t(4) = 1.173, p = 0.153). A repeated measure ANOVA conducted on visual acuity measured during an oculomotor task [not shown here, see Maniglia et al. (2020a) for details] also showed a significant main effect of training (F(1,17) = 7.265, p = 0.015, η2 = 0.168, Bayes factor = 7.284). We also observed trends for No statistical comparison looking at CAT vs. SPL (interaction of Group × Time) reached significance (all p > 0.05). Bayes factor for the interaction Group × Time was 1.475 for Visual Acuity in the MD group, indicating weak to moderate evidence for H1 (CAT > SPL). All the remaining Bayes factor were >1/3 and <1, indicating anecdotal evidence for either H0 or H1. All statistical comparisons are reported in the Supplementary Material.

We note that while results are preliminary, they suggest that this CAT paradigm may lead to improvement in improvements in visual acuity (Figures 4A–D), and possibly also higher-level visual functions such as motion direction discrimination (Figure 4E) and in functional attention abilities measured by the Trail Making Test (Figure 4F). Additionally, the critical reading size measured with the MNRead showed a general improvement that was not specific for the training type. Future research will be required clarify both the most effective dosage of training, as some reports suggest that years of experience may be required certain changes in the visual system (Castaldi et al., 2016), as well as to understand how training may be differently effective as a function of age or disease etiology.
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FIGURE 4. Preliminary results from our perceptual learning study comparing a standard perceptual learning (SPL) with a coordinated attentional training (CAT). In the first two rows, left side shows data from MD participants (A,C for visual acuity and MNRread respectively), while right side shows data from healthy participants trained with gaze-contingent, simulated scotoma (B,D for visual acuity and MNRread respectively). The last row shows additional assessment tasks only collected in MD participants (motion direction discrimination and Trail Making Test, E,F respectively). In SPL training, the Gabor target was always presented in the center of the screen and accompanied by a neutral acoustic cue. In CAT the target could appear anywhere on screen, thus involving visual search and gaze re-orienting. The target presentation was accompanied by a visual cue (a white circle around the target) and an auditory cue whose pitch and interaural difference were matched to the target location on screen. In the Trail Making Test, participants are presented with a piece of paper with circles containing numbers in random order and asked to use a pencil to connect them in ascending order as quickly as possible. The dependent measure of this test is the completion time expressed in seconds.




CONCLUSION AND FUTURE PERSPECTIVES

Loss of central vision due to MD represents a serious health issue, with increasing incidence on the health system and the life of people worldwide (Wong et al., 2014). Patients suffering from central vision loss often adopt spontaneous coping strategies, including the development of a PRL, which replaces the fovea for tasks involving fixation, reading and fine detail vision. However, this solution is still suboptimal, and MD ends up taking a heavy toll on the quality of life of these patients. Currently, there are no definitive solutions to restore foveal vision, with most of the rehabilitative interventions focusing on optimizing the use of residual vision through visual training aimed at improving perceptual functions or oculomotor coordination.

Vision science and optometry, in particular, have tackled the issue of developing treatments to counteract the loss of central vision. These two fields adopt different approaches to rehabilitation. Specifically, vision science studies focus on perceptual improvements within the PRL, primarily in terms of contrast sensitivity, visual acuity and reading (Chung, 2011; Plank et al., 2014; Tarita-Nistor et al., 2014; Maniglia et al., 2016, 2020b), while optometry focuses on improving eye movement control (Nilsson et al., 2003; Coco-Martin et al., 2013; Rosengarth et al., 2013). Both approaches have their merits, since both visual abilities and oculomotor coordination within the PRL are usually poor in MD patients; however, interventions stemming from these fields seem to encounter variable degree of success, and no one-fits-all solution appears available.

A further complication emerges when considering spontaneous compensatory oculomotor strategies, and the process of saccadic re-referencing, in which the PRL becomes the new reference spot for ballistic eye movements (White and Bedell, 1990). This process can take up to several months and, in some cases, might still remain incomplete (Fletcher and Schuchard, 1997; Crossland et al., 2005). The mechanisms involved in the selection and development of the PRL are still unclear, with studies using a simulated scotoma in healthy participants suggesting that attentional resources might play a role in its selection (Barraza-Bernal et al., 2017). Indeed, the use of eye tracker-guided simulated scotomas as a framework for the study of the development of eye movement strategies in conditions of simulated central vision loss represents an exciting perspective toward understanding these mechanisms. The gaze-contingent simulation of central vision loss allows for a tightly controlled setup in which several parameters (onset, size of the scotoma, time of exposure to central vision loss, etc.) can be modified and compared, while avoiding common drawbacks of clinical research such as difficulty in recruitment and poor compliance. Encouraging results show that some of the oculomotor behavior observed in patients, such as PRL development, can be reproduced with the simulated scotoma paradigm, although with differences in the time course (Kwon et al., 2013; Walsh and Liu, 2014; Barraza-Bernal et al., 2017a,b; Chen et al., 2019; Maniglia et al., 2020a). Still, it is unclear the extent to which these simulated scotoma approaches, which typically involve just days to weeks of exposure, compare to the longer-term experience that patients have with central vision loss. While training, and hard-boundaries of the simulated scotoma, which provide awareness of the scotoma, may explain some component of the rapid plasticity seen with simulated scotomas, other work, such as that with retinal implants (Castaldi et al., 2016), suggests that plasticity can continue for years and that there are likely longer time course aspects of plasticity that remain to be clarified.

Finally, a more thorough investigation of eye movements, which takes into account temporal aspects of fixation strategies and both within- and between-trial behaviors, might shed light on the mechanisms underlying the development of compensatory oculomotor strategies and guide individualized intervention (e.g., Crossland et al., 2005; Maniglia et al., 2019).

We suggest that to develop effective interventions, it is necessary to approach MD from a different standpoint that takes into account the larger consequences of central vision loss, which encompass basic visual functions and oculomotor coordination and also affect cognitive and attentional mechanisms. Our preliminary data suggest the potential benefit of an integrated intervention in the form of a visuo-attentional training that aims at engaging these three components (low-level vision, oculomotor system and attentional networks) simultaneously to promote functional brain plasticity. We encourage additional research in this direction both to determine the extent to which this integrated model can aid those with central vision and also to further determine the mechanism by which different types of training give rise to plasticity in those experiencing central vision loss.
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The photopic negative response of the full-field electroretinogram (ERG) is reduced in optic neuropathies. However, technical requirements for measurement and poor classification performance have limited widespread clinical application. Recent advances in hardware facilitate efficient clinic-based recording of the full-field ERG. Time series classification, a machine learning approach, may improve classification by using the entire ERG waveform as the input. In this study, full-field ERGs were recorded in 217 eyes (109 optic neuropathy and 108 controls) of 155 subjects. User-defined ERG features including photopic negative response were reduced in optic neuropathy eyes (p < 0.0005, generalized estimating equation models accounting for age). However, classification of optic neuropathy based on user-defined features was only fair with receiver operating characteristic area under the curve ranging between 0.62 and 0.68 and F1 score at the optimal cutoff ranging between 0.30 and 0.33. In comparison, machine learning classifiers using a variety of time series analysis approaches had F1 scores of 0.58–0.76 on a test data set. Time series classifications are promising for improving optic neuropathy diagnosis using ERG waveforms. Larger sample sizes will be important to refine the models.

Keywords: photopic negative response (PhNR), electroretinogram (ERG), optic neuropathy, classification, machine learning, time series analysis


INTRODUCTION

Optic neuropathies cause visual impairment due to reduced function of the optic nerves, which carry the neurological signal generated by the photoreceptors and processed by the retina to the brain. In current clinical practice, detection of vision loss due to optic neuropathies is done by querying voluntary responses of patients to different visual stimuli, for example, through visual acuity testing or standard automated perimetry. Such psychophysical testing is subjective and can have significant fluctuations, which limits the reliability and undermines the accuracy of the evaluations. There is a need for more objective measures for detecting and monitoring visual dysfunction due to optic neuropathies.

Electroretinography is an objective measurement of the electrical discharge of the eye in response to light stimuli. The photopic negative response (PhNR) is the slow negative component of the photopic full-field electroretinogram (FF-ERG) that occurs after the b-wave. The PhNR relates to the retinal ganglion cells (RGCs) that form the optic nerve (1) and the amplitude of the PhNR is reduced in subjects with optic neuropathy (ON) including idiopathic intracranial hypertension (IIH) (2), glaucoma (3), optic nerve atrophy (4), and optic neuritis (5). The full-field stimulus PhNR offers advantages over an alternative electroretinographic measure of optic nerve function, the pattern ERG (PERG), because it does not require refraction or central fixation. PERG and PhNR performed similarly in detection of manifest glaucoma (6). In a study comparing IIH subjects with healthy controls, PhNR was impaired, while PERG was not, suggesting PhNR may be more sensitive (7). However, requirements for mydriasis, bench top stimulator and recording devices, and technical expertise to administer the test have limited further study of the PhNR as a diagnostic test in high volume clinical and research settings.

An integrated handheld ERG device that administers light stimulus protocols based on pupil size to allow non-mydriatic testing and records from skin electrodes is available commercially. This is more practical for widespread clinical use than traditional ERG setups (8). Though the skin electrodes reduce the amplitude of the signal (9), studies using this device have demonstrated correlation between PhNR amplitude and structural measures of the optic nerve in healthy adults (10) and people with glaucoma (11). Waveform processing approaches including utilization of ratios to normalize the PhNR amplitude to amplitudes of the b- and/or a-waves of the ERG (11) and detrending the baseline (12) have been shown to reduce variability in operator-defined variables. However, classification of clinical state on the basis of PhNR alone has been challenging and it has been deemed not ready for widespread use in optic neuropathies (13).

Analysis based on user-defined variables, even those that are normalized, fails to consider all the information in the ERG waveform and may contribute to poor classification performance. Consideration of all the points in the waveform increases dimensionality of the classification problem and may improve classification. Expanding analysis to consider how the points relate to each other as a time series further increases both the dimensionality and classification potential. Machine learning approaches to time series classification can be used to address this high-dimensional challenge. Specifically, supervised approaches can be used to generate models to classify patient diagnosis using the entire ERG waveform as the input. While machine learning has been broadly applied to image analysis in ophthalmology (14, 15), its application to ophthalmic electrophysiology including visual evoked potential (16–19), electro-oculography (20), PERG (21, 22), and the full-field ERG (23) has been limited. Brain electrophysiology [electroencephalography (EEG)] (24, 25) and cardiac electrophysiology (26, 27) have seen broader application with excellent results.

The objective of this study was to compare classifiers of the photopic full-field ERG, optimized for PhNR, as measured using a handheld non-mydriatic ERG device with skin electrodes, based on ability to differentiate ON from non-ON eyes in a neuro-ophthalmology practice.



MATERIALS AND METHODS


Subjects

Adult subjects with bilateral, unilateral, or no ON were recruited from patients with outpatient appointments at the Byers Eye Institute at Stanford Neuro-ophthalmology Clinic. Each eye was assessed for inclusion either as an ON (ON+) eye or control (ON-) eye. A subject could contribute eyes to one or both the groups. All the ON (ON+) eyes had clinical evidence of ON such as optic nerve edema with visual acuity or peripheral vision impairment, optic nerve pallor with visual acuity or peripheral vision impairment, or structural thinning of ganglion cell layers on optical coherence tomography (OCT). No suspected cases (e.g., optic nerve drusen without other sign of optic nerve impairment) or resolved cases (e.g., treated and resolved papilledema with normal vision and OCT) were included in either group. Exclusion criteria included ophthalmic disease other than ON. Refractive error or mild cataract was permissible. An additional exclusion criterion for control eyes was neurological disease. Study of inclusion and exclusion criteria was based on medical record review by an attending neuro-ophthalmologist.

An additional group of control subjects without self-reported history of neurological or ophthalmic disease were recruited at the Spencer Center for Vision Research. All the subjects had baseline data collected. Those who had clinical follow-up during the study period were invited to have repeat measurements taken. This study was performed according to the tenets of the Declaration of Helsinki and was approved by the Stanford University Institutional Review Board. All the participants provided informed consent prior to data collection. Recruitment and data collection occurred from February 2017 to August 2018.

Age, gender, race/ethnicity, and nature of ON were extracted from the medical record for subjects recruited from the clinic. Age, gender, and race/ethnicity were self-reported by subjects recruited from the research center. Eyes of the ON subjects were classified as ON or control-fellow eye. ON eyes were classified as acute, if the optic nerve disease started less than 3 months prior to enrollment or chronic. Eyes of the control subjects were classified as control-patient, if they were recruited from the clinic (i.e., had no afferent neuro-ophthalmic disease) or control-healthy, if they had no known ophthalmic or neurological disease.



Visual Function and Ancillary Testing

Best corrected Snellen visual acuity was extracted from the clinical record for subjects recruited from the clinic. Distance visual acuity with habitual correction was measured for control-healthy subjects. Snellen visual acuity was converted to the logarithm of the minimum angle of resolution (logMAR) for the purposes of analysis. Count fingers, hand motions, and no light perception were assigned logMAR 2, 3, and 6, respectively.

Ancillary ophthalmic testing was included, if it was collected as a part of clinical care. For subjects who had OCT cube scans of the macula (512 × 128) and/or the optic disk (200 × 200) (Cirrus; Carl Zeiss Meditech Incorporation, Jena, Thuringia, Germany, UK), average retinal nerve fiber layer (RNFL) and ganglion cell layer plus inner plexiform layer (GCL + IPL) thickness, as calculated by Zeiss software, were recorded. OCT measures were included in analysis, if signal strength ≥ 7.

For subjects who had visual field testing (24-2 or 30-2 SITA-FAST, Humphrey Field Analyzer; Carl Zeiss Meditech Incorporation, Jena, Thuringia, Germany, UK), the Humphrey Visual Field mean deviation (HVF-MD) in decibels was recorded. HVF was included in analysis, if fixation losses ≤ 6, false negatives <20%, and false positives <20%.



Electroretinography

Stimulation and recording were performed in an interior examination room with the lights off. Subjects were seated without mydriasis. Following cleaning of the skin below the lower lids with alcohol swabs, adhesive skin electrodes were placed 2 mm below the lower lid of each eye extending laterally with the medial end aligned with the center of the eye. The photopic ERG was recorded sequentially in both the eyes using a portable commercial device (RETeval, LKC Technologies Incorporation, Gaithersburg, Maryland, USA). Full-field stimulation red (621 nm) flashes (58 Tds) were delivered at 3.4 Hz over a blue (470 nm, 380 Td) background to each eye. Software within the device applied a 1-Hz high-pass filter and 100 Hz low-pass filter, removed outliers, used a trimmed mean to combine the results from individual flashes, and applied wavelet-based denoising to generate an ERG waveform for each recording. A total of 300 flashes were delivered in each eye over two or three recordings. For the first 23 subjects, these were divided into one 100 flash recording and one 200 flash recording. For the remaining subjects, three 100 flash recordings were completed. Testing sessions lasted under 10 min per subject.

Averaged ERG waveforms for each recording (220 ms with 430 data points) with device software filtering and outlier removal were extracted from RFF files generated by the device and were used as input for analyses involving user-defined features and the full-time series.



Analysis of User-Defined ERG Features

A custom script (MATLAB 2018a, MathWorks, Incorporation, Natick, Massachusetts, USA) was used to process the ERG waveforms for each recording. The input waveforms for MATLAB were the averaged, filtered waveform with outliers removed as generated by the RETeval device software. The linear trend was removed using the detrend function to account for steady upward or downward drifts in many of the recordings. The waveforms for each session were reviewed. Any outliers or those without a defined b-wave peak were excluded.

The following values were extracted from the detrended waveform for each included trial. The baseline value was calculated by averaging all the data points from the start of the recording to the time that the flash was administered (100 ms). The b-wave peak was defined at the maximum potential. The a-wave trough was defined at the minimum potential between the time the flash was administered and the time of the b-wave peak. The late negative response trough was defined in two ways in different analyses. First, it was defined at 72 ms after the stimulus (28). Second, it was defined at the minimum potential in a ± 10 ms window centered at 72 ms after the flash (29).

The a-wave amplitude (aamp) was calculated as the potential difference between the a-wave trough and baseline potential, while the b-wave amplitude (bamp) was calculated as the potential difference between the a-wave trough and the b-wave peak potential. PhNR72 amplitude was calculated as the difference between baseline potential and the potential at 72 ms. PhNRmin was calculated as the difference between baseline potential and the mean of 11 consecutive points (~5.62 ms) centered at the late negative response trough as done in previous studies (2, 7, 30). To account for waveform variability, the P-ratio [image: image] and the W-ratio [image: image] were calculated (6, 28).

Each ERG feature (PhNR72, PhNRmin, P-ratio, and W-ratio) was modeled as a function of ON status (ON+, ON-) using linear generalized estimating equations (GEEs) accounting for intrasubject correlation. ERG features were compared between different sources of control eyes (healthy, patient, and fellow) using GEE models. Linear GEE models were also used to model each ERG feature as a function of structural and functional measures of the optic nerve including RNFL thickness, GCL + IPL thickness, and HVF-MD.

Using one eye from each subject (right eye unless the subject only contributed a left eye), a receiver operating curve analysis was performed. The Youden index [maximum of (sensitivity + specificity −1)] was used to select the optimal cutoff point at which to calculate sensitivity and specificity for comparison with the time series analysis. Area under the curve was calculated for subset of ON eyes with visual field MD < −5 dB (i.e., severe ON) and controls. For comparison, area under the curve was calculated for device calculated features (i.e. PhNR, P-ratio, W-ratio reported by the device software prior to custom MATLAB analysis). Analysis was done using the SPSS software (version 26; IBM SPSS Statistics, IBM Corporation, Chicago, Illinois, USA).



Time Series Analysis of ERG

Time series classification (TSC) involves using time-ordered discrete attributes to make predictions of a class. Let X be the time series space and Y be the label space. Let (x, y) denote a labeled example, in which y is the label for x. The goal is to train a classifier fθ: X → Y such that l[fθ (x; y)] is minimized for an objective function l and θ is the set of parameters associated with the classifier model (Figure 1). For the diagnostic task of ON, the input x is univariate time series of length T (i.e. the ERG waveform) and the output labels y = (−1, 1), namely ON+ and ON-, are binary (K = 2).


[image: Figure 1]
FIGURE 1. Time series classification task (for univariate time series): a trained classifier with parameters takes the input of time series of length T and outputs a predicted class out of K classes. The input size is denoted by N.


Classifiers were selected for comparison based on their benchmarked performances on other datasets in the machine learning literature (31). The classifiers we compared are nearest neighbor dynamic time warping (NN DTW), linear support vector machine (SVM linear), support vector machine with a radial basis function kernel (KBF kernel SVM), random forest classifier (RF), gradient boosted (GB) classifier, time series forest (TSF), and long-short term memory (LSTM) networks, a form of recurrent neural networks in deep learning, each of which is described in more detail below. The objective functions (l) used were DTW distance, hinge loss function, the Gini index, binomial deviance, and cross-entropy loss functions.


Nearest Neighbor Dynamic Time Warping

A label for an example is predicted based on the closest distance between the example x1 and another data series x2, its nearest neighbor (NN). DTW denotes the type of distance measure to be minimized between the two data series, where dDTW(x1, x2) is commonly the Euclidean distance between x1i and x2j for time indices i, j∈{1, ...T} with an optimal path along a sequence w(i, j) (32).



Linear Support Vector Machine

A linear support vector machine uses a linear classifier fθ such that for an example (xk,yk) we have the prediction of yk be (fxk; θ) = θxk, and we minimize a hinge loss, [image: image], between the prediction and label. The C is a hyperparameter and R(θ) is the regularization penalty, commonly the L2 norm.



Linear Support Vector Machine With a Radial Basis Function Kernel

An RBF kernel SVM classifier is suitable for non-linear datasets (33). The KBF kernel for a pair of data series x1 and another data series x2 is exp (- γ||x1 - x2 ||2), where γ is a hyperparameter and ||x1 - x2 || is the Euclidean distance.



Random Forest

Random forest is an ensemble method that averages the predictions from a number of de-correlated decision trees (34). It is a non-linear classifier from construction of linear boundaries per tree node and reducing the node impurity. A common form of node impurity for a binary classification task is the Gini index, defined by 2p (1 - p) where p is the probability of the second class (35).



Gradient Boosting

Gradient boosting is another ensemble method that minimizes the loss function by introducing a tree with a prediction as close as possible to the negative gradient (36). The loss function for the binary classification task is binomial deviance, log [1+ exp (- 2 ·y ·f(x))] for an example (x, y) and gradient boosted classifier f .



Time Series Forest

Time series forest is a modification of the random forest classifier for time series (37). It samples a set of random intervals and extracts mean, SD, and slope per interval to train the time series trees, reducing cross-entropy loss -[y log p + (1 - y) log (1-p)], where p is the probability of the second class.



Long-Short Term Memory Networks

The recurrent neural network architecture incorporates temporal dynamics by allowing information to be passed from one step of the network to the next (38). LSTMs (39) are widely used to address the vanishing gradient problem of recurrent neural networks (40). The loss function to minimize is the cross-entropy loss.



Training, Validation, and Testing of Machine Learning Models

Electroretinogram waveforms for all the trials (baseline, follow up) of included eyes were included in the time series analyses. The waveforms were split into training, validation, and testing sets. The split was done to ensure: (a) both the eyes of each records of the subject appeared only in one of the three sets and (b) the distributions of diagnostic outcomes were balanced in each set. For each of the classifiers studied, training was performed on the training set. The validation set was then used to tune the hyperparameters and select the best models for testing on the test set. The results of the test set classification were categorized as true positive (TP) (eye ON+, classifier ON+), true negative (TN) (eye ON-, classifier ON-), false negative (FN) (eye ON+, classifier ON-), and false positive (FP) (eye ON-, classifier ON+). The classifiers were compared on the basis of precision [TN/(TN + FP), equivalent to sensitivity], recall [TP/(TP + FN), equivalent to specificity], accuracy [(TP + TN)/(TP + TN + FP + FN)], and F1 score [precision × recall/(precision + recall)]. Experiments were performed in Python 3.8.6 and the main packages used were sktime, scikit-learn, and pytorch.





RESULTS

A total of 155 subjects were screened and 119 (63, 53% female, age 45.6 ± 17.5 years) had one or two eyes meeting inclusion criteria. Subjects were of diverse race and ethnicity with white non-Hispanic (68, 57%), Asian (22, 19%), and white-Hispanic (16, 13%) being the most prevalent.

A total of 217 eyes were included, of which 108 were control eyes (24 control-fellow eyes, 20 control-patient eyes, and 64 healthy-control eyes) and 109 were ON eyes (33 acute, 76 chronic). Diagnoses were papilledema (19 total; 15, idiopathic intracranial hypertension 4 other high intracranial pressure), compressive (17 total; 12 chiasm, 3 intracranial, 2 orbit), non arteritic anterior ischemic optic neuropathy (16), atrophy (15), optic neuritis (14), glaucoma (4), optic nerve head edema (4), toxic (4), tract (4), inflammatory (3), Leber hereditary ON (2), dominant optic atrophy with OPA1 mutation (2), optic disk drusen (2), and one each infection, orbit inflammation and trauma. ON eyes had worse visual acuity (VA) and more impaired peripheral vision. Acute ON eyes had thicker RNFL than control eyes, while chronic ON eyes had thinner RNFL and GCP + IPL (Table 1).


Table 1. Unadjusted comparison between eyes with and without optic neuropathy.

[image: Table 1]


User-Defined ERG Features

Waveforms were not available for three subjects (five eyes). For these, PhNR features as measured by the commercial software included with the acquisition device were used. PhNR, P-ratio, and W-ratio had lower magnitudes in ON than control eyes (Table 1) and this persisted when accounting for age (p < 0.0005, 0.009, 0.031). Among control eyes, ERG features did not differ by source of control (fellow eye vs. other controls; healthy eyes vs. other controls; p = 0.38–92, GEE).

For subjects with available structural and other functional measures of ON, HVF-MD was linearly related to PhNRmin (p = 0.002, GEE), but the relationships with PhNR72 (p = 0.09, GEE), P-ratio (p = 0.10, GEE), and W-ratio (p = 0.09, GEE) did not meet statistical significance. Among control and chronic ON eyes with available OCT, RNFL was linearly related to PhNRmin (p = 0.004, GEE), but not PhNR72 (p = 0.58, GEE), P-ratio (p = 0.37, GEE), or W-ratio. GCL + IPL was related to P-ratio (p = 0.009, GEE), but not PhNRmin (p = 0.45, GEE), PhNR72 (p = 0.06, GEE), or W-ratio (p = 0.34, GEE).

In analysis of classification potential using one eye per subject (63 ON+, 56 ON-), receiver operating curve analysis showed fair classification potential (Table 2, Figure 2). At the optimal cutoff as selected using the Youden index, PhNR72 had the best sensitivity (0.75), while W-ratio had the best specificity (0.71). Areas under the curves were similar when analysis was restricted to eyes with severe ON (AUC 0.64–0.68). Areas under the curves were similar for device calculated parameters (AUC 0.64–0.69).


Table 2. Receiver operating curve analysis for classification of optic neuropathy using user-defined ERG features in all the subjects.

[image: Table 2]


[image: Figure 2]
FIGURE 2. Receiver operating characteristic analysis for classification of optic neuropathy status using user-defined electroretinogram (ERG) features. Curve was constructed using one eye per subject.




Time Series Analysis

For the included eyes, there were a total of 791 available waveforms for baseline and follow-up visits in 115 unique subjects (3 subjects for whom ERG waveforms were not available did not contribute to this analysis). The prevalence rate for ON was 0.57. The numbers of waveforms in training, tuning, and testing sets were 258, 161, and 172, respectively. The numbers of unique subjects in each set were 61, 21, and 33, respectively.

The most important parameters and classification results for the testing set are shown in Table 3. The highest precision (0.74), accuracy (0.74), and F1 score were achieved by TSF with 100 estimators used. The highest recall (0.86) was achieved by the RBF Kernel SVM with a regularization constant of 1.5.


Table 3. Classifier objectives parameters used in the best performing model on the testing set and the results from the testing set.
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DISCUSSION

Optic neuropathies are important to diagnose because they impair vision and often reflect underlying neurological or neurosurgical disease. This study investigates the utility of the full-field ERG, analyzed based on user-defined features or time series analysis, to classify eyes as having ON. Attention was given to having a clinically feasible protocol and a representative clinical sample. Specifically, the protocol including lack of mydriasis, using skin electrodes and a portable stimulating and recording device was implemented in a clinic room in less than 10 min per subject. The sample included ON eyes of different etiologies ranging in severity and control eyes of three types (fellow eyes from subjects with unilateral ON, those with non-afferent reasons for visiting the neuro-ophthalmology clinic, and healthy controls). These protocol and sample features increase the translational potential of the findings to clinical practice.

Consistent with prior reports, we found a statistically significant difference in user-defined ERG measures including PhNR trough and at 72 ms, P-ratio, and W-ratio between eyes with and without ON. Also, in line with prior reports, correlation is found between user-defined ERG features with some markers of ON including function and structure. However, the classification ability based on user-defined features is fair at best within our data. This is despite using customized waveform analysis, excluding outlier tracings, and including all the available data in classification analysis. This is likely an overestimate of performance as we present only training results. This is because we did not have a sufficient sample size to divide the sample into training and testing sets for the user-defined feature analysis. It is likely that an independent test set would have worse performance.

Using a time series analysis that makes use of all the information in the waveform, we achieved better classification for an independent test data set than was obtained in training based on user-defined features. In general, the ensemble methods (RF, GB, and TSF) produced above 0.7 for all the metrics. The higher performances are corroborated by Bagnall et al. (31). The LSTMs did not achieve a high accuracy, despite a high recall score. Deep learning models have not been widely considered for time series classification tasks, despite their popularity in other application areas (41). In particular, recurrent neural networks are difficult to train and may suffer from the aforementioned vanishing gradient problem, which is addressed by LSTMs. Our results show promise in developing such neural networks for high sensitivity of disease detection.

The main limitation of this study is the data set size. This limited our ability to do split training and testing data sets for user-defined features and to pursue stratified analysis (e.g., based on ON severity or covariates). A larger sample size would also likely to improve tuning of time series models. For example, classification of ECG signals for diagnosis of heart disease has reported better performances (>95%) using the same metrics with machine learning algorithms using a 4,000-sample MIT-BIH database (https://physionet.org/physiobank/database/html/mitdbdir/intro.htm) (42, 43). The nature of the ERG protocol also introduced limitations. Specifically, the amplitude of the signal from skin electrodes is lower signal than traditional DTL or other corneal electrodes and recording in a dim room without light adaptation may have increased variability (44).

In conclusion, a portable ERG device using a non-mydriatic stimulation protocol and skin electrodes in subjects attending a neuro-ophthalmology clinic with and without ON and control subjects measured PhNR amplitude decrease in eyes with ON vs. control eyes. While classification of ON status based on user-defined features was fair, time series classification models developed using machine learning techniques demonstrated better classification performance. Portable non-mydriatic ERG recorded using skin electrodes and time series classification analysis may have application to using the full-field ERG as a bedside diagnostic test for ON.
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Background: Occipital cortex lesions (OCLs) typically result in visual field defects (VFDs) contralateral to the damage. VFDs are usually mapped with perimetry involving the detection of point targets. This, however, ignores the important role of integration of visual information across locations in many tasks of everyday life. Here, we ask whether standard perimetry can fully characterize the consequences of OCLs. We compare performance on a rapid scene discrimination task of OCL participants and healthy observers with simulated VFDs. While the healthy observers will only suffer the loss of part of the visual scene, the damage in the OCL participants may further compromise global visual processing.

Methods: VFDs were mapped with Humphrey perimetry, and participants performed two rapid scene discrimination tasks. In healthy participants, the VFDs were simulated with hemi- and quadrant occlusions. Additionally, the GIST model, a computational model of scene recognition, was used to make individual predictions based on the VFDs.

Results: The GIST model was able to predict the performance of controls regarding the effects of the local occlusion. Using the individual predictions of the GIST model, we can determine that the variability between the OCL participants is much larger than the extent of the VFD could account for. The OCL participants can further be categorized as performing worse, the same, or better as their VFD would predict.

Conclusions: While in healthy observers the extent of the simulated occlusion accounts for their performance loss, the OCL participants’ performance is not fully determined by the extent or shape of their VFD as measured with Humphrey perimetry. While some OCL participants are indeed only limited by the local occlusion of the scene, for others, the lesions compromised the visual network in a more global and disruptive way. Yet one outperformed a healthy observer, suggesting a possible adaptation to the VFD. Preliminary analysis of neuroimaging data suggests that damage to the lateral geniculate nucleus and corpus callosum might be associated with the larger disruption of rapid scene discrimination. We believe our approach offers a useful behavioral tool for investigating why similar VFDs can produce widely differing limitations in everyday life.

Keywords: occipital cortex and post-chiasmatic lesion, visual field defects, perimetry, scene perception, spatial envelope model, computational method


INTRODUCTION

Occipital cortex lesions (OCLs) and/or post-chiasmatic lesions commonly result in the loss of visual sensitivity and blindness contralateral to the damage: a visual field defect (VFD; Zihl, 1994, 2000; Truelsen et al., 2006; Zhang et al., 2006; Celebisoy et al., 2011). These lesions can have severe debilitating consequences, disrupting people’s activities of daily living (ADLs) such as reading, driving, and their work. The difficulties are usually attributed to the size, location, and extent of the VFD. For example, driving is prohibited for people with OCL when they do not meet the minimum horizontal visual field extent measured with traditional perimetry techniques (Bowers, 2016). Previous research, however, shows that the VFD cannot fully explain a person’s daily-life limitations (Mueller et al., 2003; Papageorgiou et al., 2007; Gall et al., 2009). This discrepancy indicates that the current clinical practice, to judge ADL limitation in OCL patients primarily based on VFD, may be improved.

Clinically, the VFD is mapped with perimetry based on low-level visual tasks, such as the sensitivity to a local light source (static or moving) in different locations (Goodwin, 2014). Normally, our visual system needs to process complex interactions between visual signals from possibly widely separated locations in our cluttered and ever-changing visual environment (Barlow, 1961; Atick and Redlich, 1992; Van Essen et al., 1992; Field, 1994). This goes beyond what standard perimetry measures. Indeed, previous work indicated that OCL causes more global visual information processing deficits affecting gestalt recognition (Schadow et al., 2009), visual decision-making (Geuzebroek and van den Berg, 2017), useful field of view (UFOV; Woutersen et al., 2020), visual search (Machner et al., 2009), and recognition and spatial navigation (Peyrin et al., 2005; Cavézian et al., 2010, 2015; Perez et al., 2013). More specifically, left VFD significantly disrupts scene categorization tasks, which even suggests a hemispheric specialization (Fink et al., 1997; Chokron et al., 2000; Hana et al., 2002; Lidaka et al., 2004; Peyrin et al., 2005; Cavézian et al., 2010, 2015; Musel et al., 2013; Perez et al., 2013; for a review, see Kauffmann et al., 2014). In this study, we explore a more naturalistic approach based on scene perception to better characterize the consequences of OCL.

Visually identifying one’s environment and its opportunities is an important competence (Kaplan, 1992; Schyns and Oliva, 1994; Thorpe et al., 1996; Oliva and Torralba, 2001; Joubert et al., 2007; Greene and Oliva, 2009, 2010). It allows us to choose the appropriate course of action rapidly (19–67 ms), almost in a reflex-like manner (Kaplan, 1992; Thorpe et al., 1996). This global understanding, or the so-called gist of the scene, is very robust to reduced image resolution, or restricting visibility to the far periphery (Rousselet et al., 2005; Larson and Loschky, 2009; Wolfe et al., 2011; Boucart et al., 2013; Geuzebroek and van den Berg, 2018). Furthermore, it seems to precede the processing of finer details (Schyns and Oliva, 1994; Torralba and Oliva, 2003; Guyader et al., 2004; Hegdé, 2008; Musel et al., 2012, 2013; Trouilloud et al., 2020). These observations led many to believe that the gist of a scene is the result of the rapid pooling and summarizing of visual information over large visual areas within a highly parallel, feed-forward network (Thorpe et al., 1996; Rousselet et al., 2002). Scene processing thus seems to rest upon an important component of non-local visual information integration. Hence, extending perimetry with characterization of scene processing abilities in people with OCLs may provide an avenue to better understand ADL limitations. Unilateral V1 and post-chiasmatic damage may affect scene perception in a global manner, causing performance loss beyond that expected from a local occlusion by the VFD.

To examine the effects of V1 or post-chiasmatic lesions in detail, we seek a method to unambiguously compare OCL participants’ performance on a scene discrimination task with that of healthy observers. Simply matching healthy observers on age, gender, socioeconomic status, and so on would not take into account the wide variation of patients’ defects. We explore the potential of simulating their lesions in the spatial envelope model (e.g., GIST model; Oliva and Torralba, 2001), a computational model that summarizes the scene by coarsely filtering the spatial frequency distributions using a global Fourier transformation. Even though there are no known anatomically plausible mechanisms that could apply such a transformation on the image, the model is highly successful in predicting human scene perception (Oliva and Torralba, 2001; Greene and Oliva, 2009; Ehinger and Rosenholtz, 2016).

Here, we compare performance of OCL participants and healthy observers, in whom a field defect was simulated by a mask, on a rapid scene discrimination task, comparing both groups with the prediction made by the GIST model simulations. We expect that the healthy observers will only suffer from the information loss due to the occlusion of part of the visual scene, while the performances of the OCL participants may be affected differently as the lesion, or adaptation to it, could affect the processing capacity of the visual network itself.



MATERIALS AND METHODS


Participants

Seventeen adult participants (OCL participants; mean age 58 ± 18.9 years; three females and 14 males) with a VFD following OCLs or post-chiasmatic lesions were recruited and invited to the Donders Institute for Cognitive Neuroscience in Nijmegen. In 13 OCL participants, the VFD was a consequence of ischemic or hemorrhagic stroke; in three other, the VFD was a side effect of surgical tumor removal; and in one OCL participant, the VFD resulted from the surgical removal of a knot of blood vessels (Table 1 and Supplementary Table 2). Additionally, 18 adult participants (age 57 ± 15 years; 11 females and seven males) were recruited as healthy observers in the control group. All participants had normal or corrected-to-normal visual acuity as measured with the Freiburg test (Bach, 1996, 2007). This study was part of a larger project, which the local ethics committee of Radboud University Medical Center in accordance with the Declaration of Helsinki approved all experiments (2016–2635); and each participant gave written informed consent prior to testing.


TABLE 1. Demographic and clinical details of the OCL participants and the averages of the healthy controls.
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Procedure

Prior to their visit, participants were asked to fill out a Dutch version of the National Eye Institute—Visual Function Questionnaire-25 (NEI VFQ-25), a vision-related quality of life questionnaire (Mangione et al., 2001; see for detailed description Woutersen et al., 2020). Then, the Freiburg visual acuity test was performed to measure visual acuity (Bach, 2007, 1996). Additionally, OCL participants performed a line bisection task to look for signs of neglect (Table 1) and a central 30-2 threshold Humphrey® to map the VFD extent and shape and extract the visual field index (VFI) (Carl Zeiss Meditec Group, Jena, Germany; see Figure 1 and Supplementary Table 1 for a summary of the reliability indices). The VFI is an indicator for the total amount of field loss ranging from 1 (normal) to 0 (blind). A Blind Field Index (BFI) was calculated by subtracting the VFI from the maximum performance (e.g., 0 is no blind field, and −1 is completely blind) averaged cross both eyes. The researchers (AG and KW) online monitored the participants’ attention to ensure the quality of the Humphrey® measurement, and the test reliability indices in Supplementary Table 1 were used to evaluate whether the measurement could be used. Last, participants would perform two psychophysical tests: the scene discrimination task as described in this paper and the UFOV test in the intact field (iUFOV), described in Woutersen et al. (2020).


[image: image]

FIGURE 1. Visual field maps of the OCL participants. We used central 30-2 threshold Humphrey perimetry. Maps show averaged sensitivity of left and right eyes. OCL participants’ VFDs are, as a rule, limited to one hemifield, due to the damage caused by contralateral post-chiasmatic or V1 lesions. Each panel shows the measured VFD of one participant interpolated on a 256 × 256 pixel grid representing a visual extent of 20° radius corresponding to the dimensions of our scene images (see P01). Luminance sensitivity is given by decibels of attenuation of the target, shown in the grayscale. No attenuation of light intensity is marked as 0 dB, which indicates that the participant was not able to detect the stimulus at the highest luminance.


Before the main experiment, in each participant, the scene presentation durations required to achieve maximum performance for a noise-free scene in either discrimination task were determined. Each staircase comprised 50 trails (as described section “Scene Discrimination Task”) during which the image presentation time in milliseconds converged to a threshold of approximately 80% correct. The resulting presentation times were multiplied by 1.5 to promote best performance throughout the rest of the study. The refresh rate was 60 Hz, allowing the shortest presentation time of 16.7 ms; the maximum image presentation time was set to 300 ms.



Experimental Setup

The scene discrimination task was performed on a 3,840 × 2,160 (screen) pixel iMac Retina 5K display (Apple, Cupertino, CA, United States). The refresh rate was 60 Hz, allowing the shortest presentation time of 16.7 ms. Stimuli were generated with custom-made software in Matlab® R2016a (MathWorks®, Inc., Natick, MA, United States) using the Psychtoolbox-3 (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007). A participant’s head was stabilized using a head and chin rest. Eye movements and blinks were monitored using an EyeLink 1000 (SR Research, Kanata, ON, Canada) to ensure fixation through the experiment. A standard 9-point calibration with validation procedure was performed before the psychophysical task and was repeated when the eye tracking was lost.



Scene Discrimination Task

Participants performed two scene discrimination tasks: a naturalness discrimination task (e.g., natural vs. urban scenes) and a concealment discrimination task (e.g., high vs. low concealment scenes). Per discrimination task, 100 grayscale scene photographs (256 × 256 image pixels—larger than screen pixels) were used that were previously classified as stereotypical for each of the categories (Greene and Oliva, 2009). A description of the categories can be found in Table 2, and examples are in Figure 2B. All images were gamma corrected and equalized for mean luminance and contrast using the SHINE toolbox (Willenbockel et al., 2010).


TABLE 2. Descriptor of the categorization tasks and the instructions as presented to participants.
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FIGURE 2. Experimental setup and stimulus conditions. (A) Participants performed two scene discrimination tasks. Each started with a random fixation interval (between 1,000 and 1,800 ms), followed by scene images. Scene presentation time was individually determined. The scene images were backward-masked with four noise images presented for ms each. After the masking interval, participants were asked to categorize the scene as accurately and quickly as possible. (B) Example scenes for the two scene discrimination tasks (Naturalness and Concealment) and their two levels. (C) Field defects of two OCL participants (P2 and P11) compared with simulated VFD occlusion. (D) Examples of the systematic degradation using four levels of SNR, i.e., 25, 10, 5, and −2 dB.


Each trial started with a fixation circle at the center of the screen. After a random fixation interval (between 1,000 and 1,800 ms), a scene image was shown in a circular aperture of 20circ (radius), with individualized presentation duration described in section “Procedure”. The scene image was followed by backward-masking sequence, consisting of four noise images each presented for 50 ms. The noise images were generated with a texture-synthesis algorithm (Bacon-Mace et al., 2005; Portilla and Simoncelli, 2007; Greene and Oliva, 2009) that preserves the first and higher-order statistics of the scene image for optimal masking (Loschky et al., 2010). When the noise images disappeared, participants were asked to indicate the appropriate category as accurately and as fast as possible (Figure 2A). Importantly, participants were instructed to maintain central fixation throughout the experiment. Attempts to reduce the effect of small eye movements were made by occluding the central 5° diameter of the scene (Hegdé, 2008) and by giving verbal feedback based on the eye tracker. Trials in which participants failed to maintain fixation were discarded.

Scene discrimination tasks (naturalness or concealment) were block-randomized, and signal-to-noise ratio (SNR) was randomized within the blocks. All participants, OCL participants and controls alike, were subjected to a whole field condition (indicated as noVFD in controls). The simulated hemianopia occlusion (hVFD) defect locations (left vs. right) were counterbalanced between controls (N = 18) and thus “between-parameters.” Controls were asked to return on a different day to perform both discrimination tasks with an additional quadrant simulated occlusion; i.e., the left-up qVFD, left-down qVFD, right-up qVFD, and right-down qVFD were counterbalanced between controls (N = 16).

Scene information was degraded with pink noise (1/f) at four different SNR levels (SNR conditions), i.e., −2, 5, 10, and 25 dB (see Figure 2D). This was done because previous studies suggest that OCL participants are more sensitive to the disruption by noise (Bender and Teuber, 1946; Rizzo and Robin, 1996; Paramei and Sabel, 2008; Paramei et al., 2017). The different types of VFDs were simulated in healthy controls, by masks occluding specific parts of the scene image (Figure 2C). Performance was assessed in a “no visual defect” condition (noVFD), for a left or right hemianopia simulation (lVFD/rVFD), and for a quadrantanopia simulation (left-up VFD, left-down VFD, right-up VFD, and right-down VFD, summarized as qVFD).



Categorization by GIST Model

Our aim was to compare the performances of OCL participants with healthy controls, by using an objective reference provided by a successful model of scene perception (GIST, Oliva and Torralba, 2001) and its performance when part of the scene is not visible. A support vector machine (SVM) was trained using GIST features to build two classifiers—one for naturalness and one for concealment—to compute the best hyperplane to distinguish between the two scene categories (e.g., natural vs. urban and low vs. high concealment) using noise-free image (see below for description of the training database).

The GIST model extracts scene information from a multiscale representation of the retinal image. The image is characterized by the power distribution across several orientations and spatial frequencies. This can be interpreted as the averaged output of local receptive fields with different orientation and spatial frequency preferences into a global receptive field. GIST features are computed by multiplying each Fourier transformed image with 48 Gabor filters, using eight orientations and six spatial frequencies using the open source Matlab code provided by Oliva and Torralba (2001)1. These were then transformed back into image space, resulting in 48 Gabor-filtered images for each scene. These filtered images were subdivided in 4 × 4 grid equal-sized regions and averaged across all pixels per grid point. This resulted in 768 image features per scene image that were used as input to the SVM. Lesions were applied by simply occluding part of the input image corresponding to the simulated lesions for controls (see Figure 2C) or the measured VFDs for OCL participants (see Figures 1, 2C). The fact that this model uses the spatial frequency domain makes it inherently global; the local masking will thus have global effects, as they influence the power distribution across spatial frequencies.


Training of the Model

To train the SVM, a large and diverse dataset of 10,000 images was first created and validated per scene discrimination task (naturalness and concealment). With the use of the SUN database and its scene hierarchy (Xiao et al., 2016), 5,000 images was randomly selected for each naturalness level (natural and urban). The natural images were further divided in low or high level of concealment. Concealment was selected based on the description of Greene and Oliva (2009); “How efficiently and completely a human would be able to hide in a space, or the probability of hidden elements in the scene that would be difficult to search for.” Scenes can range from low concealment, which refers to complete exposure in a sparse space, such as deserts, oceans, and fields, to high concealment with dense, variable surfaces and many objects, such as forests and riverbeds (Greene and Oliva, 2009). Five thousand images were again selected for each concealment level (low and high) derived in part also from Places365-Standard, as there were not enough images left in the SUN database (Zhou et al., 2018). The dataset was manually checked to exclude (a) ambiguous images (cultivated field or landscaped gardens), (b) images that could be recognized solely on the recognition of a single large object, and (c) unusual images (distortion of colors or borders, very blurry or noisy). All training images were down-sampled to 256 × 256 pixels and converted to gray values, and local contrast was normalized before the GIST features were computed.



Testing Computational Models

To test the model, we applied a semi-random split procedure such that the subset of scene stimuli (described in section “Scene Discrimination Task”) used for each participant in each condition (SNR condition, discrimination task, and VFD simulation) was used also to compute the model prediction of that individual’s sensitivity. Each participant received individually randomized samples from a large database of images. The semi-random split allows us to find a difference between human and GIST performance that cannot be attributed to differences in the stimulation.




Statistical Analysis


Human Performance

For each condition, we calculated observed sensitivity (d′) and bias, which combine the hit and errors rates in a bias-free estimate of performance (Kingdom and Prins, 2010). To assess sensitivity as a function of defect extent and location in the healthy controls, we first performed a mixed-factor ANOVA with discrimination task (naturalness and concealment) × SNR levels (−2, 5, 10, and 25 dB) × VFD extent (hemianopia and quadrantanopia) as within-parameters and VFD location (left and right) as between-parameters. Furthermore, to compare the OCL participants’ performance with that of the controls, the researcher first crudely categorizes the OCL participants’ as either (1) a left or a right VFD or (2) a quadrantanopia or a hemianopia. To compare the four OCL participants groups with the healthy controls with the simulated VFD, we applied a separate mixed-factor ANOVA for each group, e.g., left quadrantanopia (N = 9), right quadrantanopia (N = 3), left hemianopia (N = 3), or right hemianopia (N = 2). We used discrimination task (naturalness vs. Concealment) × SNR levels (−2, 5, 10 and 25 dB) as within-participants parameters and group (OCL participants category vs. Controls) as the between-participants parameters. To correct for multiple comparisons, we applied the false discovery rate (FDR) correction to the p-values.



Model Performance

Accuracy of the GIST classifier is notoriously more susceptible to noise (Serre et al., 2007; Geirhos et al., 2017; Tadros et al., 2019) than human observers, making it difficult to interpret the effects of SNR degradation for such a measure. We observed that for SNR levels < 10 dB, the classifier has a strong bias toward one level in the discrimination tasks—Natural and High concealment specifically—yet sensitivities of the two levels are still distinguishable. By assuming that the GIST classifier output is normally distributed also for lower SNR, we can still compute the estimated sensitivity ([image: image]) for the GIST classifier.

Whether the GIST classifier’s performance is significantly better or worse than the healthy controls’ is calculated from the sensitivity difference [image: image] between the estimated sensitivity by GIST ([image: image] and the observed sensitivity (d′) in the healthy controls (Tadros et al., 2019). Average values of [image: image] significantly greater than 0 correspond with the GIST classifier being more sensitive than human classification and vice versa. We therefore used a Bayesian t-test to test if the average sensitivity difference ([image: image]) for healthy controls was significantly different (Kass and Raftery, 1995; Rouder et al., 2012; Morey and Wagenmakers, 2014; Schoenbrodt and Wagenmakers, 2017). This t-test derives a Bayes factor (BF) by comparing the fit of the data for the null hypothesis (equal sensitivity: [image: image] = 0) with the alternative hypothesis using Bayesian information criteria. The BF gives an estimation of the likelihood that the null hypothesis is true (Jeffreys, 1961; Lee et al., 2013). For example, if we accept the null hypothesis, we can use the Bayes factor to estimate of how likely the null hypothesis was compared with the alternative. A Bayes factor of 10 suggests that the null hypothesis is 10 times more likely. FDR correction was applied to account for multiple comparisons. We used the natural logarithm of the Bayes factor > 4.6 as a cutoff for strong evidences.



Occipital Cortex Lesion Participants

To evaluate whether an OCL participant’s performance is different from what the extent and location of the VFD would predict, OCL participants with a BFI < −0.375 are crudely classified as left quadrantanopia (P09, P14; N = 2) or right quadrantanopia (P02, P06, P10, and P11; N = 4), and left hemianopia (P03, P04, P05, P08, P12, P13, P15, P16, and P17; N = 9) or right hemianopia (P07; N = 1). As described in the previous paragraph, we calculated the sensitivity difference between the OCL participant and the predicted sensitivity by the GIST classifier using the participant’s VFD. Average score significantly lower than 0 indicates that the OCL participant performs worse than can be explained by occlusion (as in healthy observers with a simulated VFD), and vice versa.

Last, we used Pearson’s correlation to analyze the sensitivity difference between OCL participant and the predicted sensitivity by the GIST classifier with both the VFQ-25 and iUFOV scores to see how difficulties in scene perception translate to real-life impairments. As this is an exploratory addition to this study, we did not correct for multiple comparisons to retain sensitivity.




Structural Scans

Existing structural scans (CT or MRI scans) of the OCL participants were collected post hoc to explore possible information of the extent and location of the lesion. Unfortunately, we were only able to acquire a heterogeneous and incomplete imaging dataset (data of only 12 OCL participants were available), admittedly allowing only weak conclusions. These scans were brain extracted, aligned to Montreal Neurological Institute (MNI; Montreal, Quebec, Canada) standard space and automatically segmented in FMRIB Software Library v6.0 (FSL, Smith et al., 2004). The lesions were manually drawn in; using this segmentation and the Jülich histological probabilistic map gave us an indication which areas were affected by these lesions (Eickhoff et al., 2005).




RESULTS

To evaluate our procedure to optimize presentation time for each participant, we applied a mixed ANOVA to the average thresholded presentation times as a function of group and discrimination task. We observed no effect of group [F(2, 22) = 2.25, p = 0.13] and a significant difference between discrimination tasks [F(1, 22) = 16.0, p < 0.001]. Both groups, healthy controls and OCL participants alike, needed longer presentation duration in the concealment task [μ = 0.22 s (0.16, 0.27)] than in the naturalness task [μ = 0.12 s (0.07, 0.17)].

The individually determined presentation durations were further used throughout the experiment. To further determine if our tailoring of presentation time duration resulted in comparable performance across tasks, we applied a mixed-factor ANOVA to sensitivity as a function of SNR (−2, 5, 10, or 25), simulated VFD extent (noVFD, qVFD, or HVFD simulations), and discrimination task (naturalness vs. concealment) as within-parameters and simulated VFD location (left vs. right) as between-parameters. Mauchly’s test of sphericity indicated that the assumption of sphericity had been violated, and the Greenhouse–Geisser corrected p-values were therefore reported. There was no significant effect of discrimination task [F(1, 10) = 0.10, p = 0.8]. There were also no significant effects of VFD location (left vs. right) on controls’ sensitivity [F(1, 10) = 0.41, p = 0.5]; occluding the left part or the right part of the visual field on average did not change performance. We pooled the sensitivities of the controls across the two discrimination tasks and the VFD location, for plotting purposes only.

Next, we address the following issues: (1) what are the effects of local occlusions on scene discrimination sensitivity in healthy controls, and can the GIST model describe these effects correctly? (2) what is the group effect of occipital lesions in patients compared with the occlusion effect in healthy controls? and (3) how does each patient’s performance loss due to the occipital lesion compare with the performance loss due to that individual’s occlusion effect as estimated by the GIST model?


Behavioral Performance of Healthy Controls


Effects of Local Occlusions in Healthy Controls

We applied a mixed-factor ANOVA to sensitivity and bias as a function of SNR, simulated VFD extent and discrimination task as within-parameters, and simulated VFD side as between-parameters. Figure 3A shows that healthy controls’ sensitivity was significantly affected by SNR [F(3, 28) = 113.99, p < 0.001]. Not surprisingly, participants become increasingly less sensitive as the SNR decreases (−2 < 5 < 10 < 25 dB, p’s < 0.001). There was a significant interaction effect on healthy control’s bias between SNR and discrimination task [F(3, 32) = 14.46, p < 0.001]. Participants gradually move their bias in the naturalness task from urban (25 dB) toward natural when noise increases (−2 > 5 > 10, p’s < 0.001), while their bias in the concealment task moves toward high concealment when noise increases (−2 < 5 < 10 < 25 dB, p’s < 0.05). Furthermore, in Figure 3A, healthy controls’ sensitivity appears significantly affected by the VFD extent [F(2, 32) = 8.85, p = 0.002]. Healthy controls become less sensitive for a simulated hVFD than for noVFD [Δd′ = −0.22 (−0.36 −0.09), p = 0.002] and identically so for simulated qVFD [Δd′ = −0.12 (−0.25 < 0.001), p = 0.04], although barely.


[image: image]

FIGURE 3. Effect of local occlusions on participants’ performance in scene discrimination tasks. (A) Average empirical (markers) and simulated sensitivity (lines) as a function of signal-to-noise ratio (SNR) and the extent of the simulated VFDs (qVFDs or hVFD) for healthy observers. (B) GIST classification accuracy relative to healthy controls’ performance. The sensitivity difference of the classifier to human behavior is plotted as a function of the simulated VFD and SNR. (C) Average sensitivity for participants with quadrantanopia VFD (P02, P06, P09, P10, P11, and P14) and (right panel) participants with hemianopia VFD; each group was compared with corresponding simulated VFDs in healthy controls. Additionally, the sensitivity per SNR condition of the individual participant with occipital lesion is plotted, illustrating the large variability in the OCL group (see also Figure 4). Error bars and shaded areas show the CI95%. *p < 0.05 after false discovery rate (FDR) correction.


These results characterize the effect of occlusion of part of the scene on discrimination performance by observers with a healthy visual network. Next, we investigated whether the GIST model captures those characteristics appropriately.



Simulated Lesions in the GIST Model

To verify the use of the GIST model, we computed the average sensitivity difference ([image: image]) of the sensitivity estimated by GIST classifier and the observed sensitivity in the healthy controls as plotted in Figure 3B. If the sensitivity difference is greater than 0, it would mean that the GIST classifier is more sensitive than human classification and vice versa. The t-test after FDR correction shows that SNR levels of 5 dB are significantly different from 0 for the two VFD simulations [t(30) = 3, p = 0.02, BF = 20 and t(28) = 3.5, p = 0.03 BF = 7.8, for qVFD and hVFD, respectively]. At SNR of 5 dB, the GIST model is more sensitive in the scene discrimination task and specifically overestimates the performance when a VFD is simulated. For all other SNR levels (−2, 10, and 25 dB), the sensitivities are not significantly different with all BF > 3, indicating moderate evidence for the null hypothesis ([image: image] = 0). At the lowest SNR level (−2 dB), however, in this condition, both model and human observer reach the floor. Taken together, this suggests that there is moderate evidence that the model can meaningfully predict the sensitivity of healthy controls and the effect of VFD for the two highest SNR levels. To benchmark OCL participants’ performance, we thus limited our analysis to the two larger SNR levels (10 and 25 dB).




Effect of Occipital Lesions?

To examine the if occipital lesions modulate performance on a scene perception task beyond what local occlusions would predict, we compare the OCL participants with the healthy participants with the simulated lesions (none, qVFD, hVFD) and the GIST model (see Figure 3C for the group averages and Figure 4 for the individual OCL analysis).


[image: image]

FIGURE 4. OCL participants’ observed sensitivity (d′) as compared with healthy controls crudely matches predicted sensitivity as well as the estimated sensitivity ([image: image]) by the GIST model. Each panel shows OCL participants with their VFD, sorted by the Blind Field Index from the largest (P05) to the smallest (P10). Note that the performance of the OCL participants (greens) does not always correspond to the extent of the VFD, e.g., comparing participant P15 and P03. Error bars and shaded areas show the CI95%.


We first classified the OCL participants as being left quadrantanopia (P09, P14; N = 2), right quadrantanopia (P02, P06, P10, and P11; N = 4), left hemianopia (P03, P04, P05, P08, P12, P13, P15, P16, and P17; N = 9), or right hemianopia (P07; N = 1). Separate mixed-factor ANOVAs were applied to compare the four categories with the healthy controls with simulated field defects. This showed that there were no significant group differences of sensitivity in the quadrantanopia class [F(1, 10) = 0.3, p = 0.6 and F(1, 8) = 0.5, p = 0.5, for left qVFD and right qVFD, respectively; Figure 3C, left panel], or for the hemianopia class [F(1, 12) = 0.89, p = 0.3 and F(1, 10) = 6.3, p = 0.03, for left hVFD and right hVFD, respectively; Figure 3C, right panel].

On average, OCL participants do not significantly perform worse on the scene discrimination task than healthy observers with a field defect that is simulated by the occluding part of the scene. Clearly, the OCL for left and right defects plotted in Figure 3C and the individual OCL performances in Figure 4 show a much larger variability.

This indicates that the average sensitivity might not reliability present each individual patient. As we showed before, the extent of the occlusion significantly modulates performance in healthy controls. It is likely that part of that variability of OCL participants stems from the variability of their VFD extent and shape (see Figure 4). Clearly, sensitivity in many patients (green curves in individual panels of Figure 4) strongly deviates from the average performance of healthy controls (gray line and shaded area showing its CI95%) to the corresponding simulated field defect; however, the same goes for the VFD. Take, for example, OCL participants P04 and P13. Both have been “crudely” classified within the hVFD group; however, they both do not have a full hemianopia. When looking at the GIST model (blue line in Figure 4), we see that the comparison with the healthy controls might overestimate their “better” than expected performance.

To further investigate, we averaged across discrimination tasks and SNR levels (10 and 25 dB), the sensitivity difference between OCL participant, and the GIST model using the individual’s VFD ([image: image] in Figure 5A. Note that the null hypothesis, [image: image], tests the assumption that performance loss is solely due to the occlusion of part of the visual scene as in healthy observers. Individual t-tests after FDR correction shows that eight OCL participants (P01, P03, P05, P08, P12, P15, P16, and P17) perform worse than expected for their simulated VFD by the model [p < 0.05, with ln(BF) > 4.6, e.g., strong evidence that the H0 is rejected]. One OCL participant, P07, performs better than predicted [p < 0.05, with ln (BF) > 4.6]. These results reject the hypothesis that performance loss is solely due to the scene occlusion. Interestingly, Figure 5A shows that there is an exponential relationship between sensitivity difference and the size of the BFI [slope, e.g., b = −13.3 (−22 −4.8), adjusted R2(15) = 0.53]. This trend would suggest (with exception of P07) that larger BFI results in exponentially more reduction of scene discrimination performance, if the larger VFDs are found in patients with more damage to the network’s processing capacity. Furthermore, there was no significant correlation between the sensitivity difference and the VFQ-25 (R = 0.16, p = 0.53) or the iUFOV (R = −0.5, p = 0.08).


[image: image]

FIGURE 5. Effects of occipital lesions. (A) The sensitivity difference ([image: image]) comparing the observed sensitivity of the OCL participants with that of the estimated sensitivity of the GIST model, sorted by the Blind Field Index from the largest (P05) to the smallest (P10). (B) Sensitivity difference as a function of BFI. In both plots, the black horizontal line indicates when the observed sensitivity is not different from the predicted sensitivity loss by occlusion; the vertical black line separates the hVFD and the qVFD participants. Error bars show the CI95% and *p-values < 0.05 after false discovery rate (FDR) correction.


In this study, we did not collect structural scans ourselves. However, we were able to secure these data for 12 patients (see Supplementary Figure 1 and Supplementary Table 2) by contacting their caregivers at the time of the event. The limited sample precludes strong conclusions, but we do notice a trend that the location of the lesion rather than its extent has a large impact on the patient’s performance. Namely, all lesions of participants that score worse than predicted involve the corpus callosum and/or subcortical areas, i.e., the lateral geniculate nucleus (LGN), while these areas were intact in the other patients. Additionally, referring to Table 1, one can observe that only one of the OCL participants who performed worse than predicted showed slight signs of neglect, and all have a left-sided VFD.




DISCUSSION

We examined the extent to which post-chiasmatic and V1 lesions disrupt scene perception. If the limitation arises exclusively from an occlusion of the incoming information, an OCL participant should perform equally compared with a healthy observer when a similar VFD is simulated with a mask. To handle the large variation among OCL participants’ VFD and performance, we used the GIST model for scene perception. Occlusion of the input to this model implements the assumption that disruption of the ascending visual pathways can be equated to occluding certain parts of the scene but does not affect the capacity of the network to process the information. The GIST model successfully predicted the performance reduction by occlusion and noise in healthy observers down to an SNR of about 10. Using the GIST model, we should thus be able to predict how occipital lesions, under the above assumption of information reduction by the occlusion, would influence OCL participants’ performance in the scene discrimination task. This was true in nearly half of our OCL participants. Most of the other OCL participants performed worse than predicted, breaking the assumption that the field defect only reduces the access to the visual information while not interfering with the ability to process the global scene.

One OCL participant performing better indicated that he/she had access to more information of the scene than his/her VFD would mask. Interestingly, a recent study showed that in some OCL participants, neural responses can be evoked in parts of the occipital cortex from visual stimuli placed in the absolute VFD (Papanikolaou et al., 2014). It is tempting to suggest that such people may also be able to perform better on scene discrimination tasks than their Humphrey field defect indicates, precisely when such activity would contribute to visual processing in a non-localized way as probed by scene tasks but subthreshold for localized processing as in perimetry. Because such neural responses from the absolute field defect correlated not only with spared islands of activity in occipital but throughout visually responsive cortex, and as this indicates a better prognosis for visual field recovery by visual training (Elshout et al., 2018), OCL participants with unexpectedly good performance on scene discrimination might profit in particular from restitution therapy.

Hence, we believe that our modeling approach could be a potentially important diagnostic tool to further characterize patients’ defects as (1) only limiting access to information or as (2) limiting access plus a reduced ability to process the remaining information or (3) indicative of a neural “reserve” for visual processing.


Hemispherical Lateralization Effects of Occipital Stroke?

Previous studies suggested that V1 damage constrained to the right hemisphere (resulting in a left VFD) affects scene discrimination more than lesions to the left hemisphere (Coubard et al., 2008; Cavézian et al., 2010, 2015; Perez et al., 2013). In these studies, people with OCL performances were directly compared with healthy observers. While such a comparison reveals the extent of the functional deficit caused by the defect, it does not differentiate between the contributions of the loss of visual input and damage to the network reducing its capacity for visual processing. Our results hint at some hemispherical lateralization effects. The cursory analysis of our data suggests that left VFD participants are less sensitive and need longer presentation times (although not significantly) than right VFD participants. Our modeling approach when accounting for the various individual VFDs shows only a moderate trend that left VFD participants are less sensitive but shows no significant effect. We also do not see a hemifield effect in our healthy observers, as there was no significant performance difference between left or right VFD simulations (see section “Effect of Occipital Lesions?”). In contrast, all OCL participants in the “worse than the GIST model group” were lVFD. However, we had very few participants with a right VFD. Hence, we feel that the extended damage into subcortical structures that was consistently present in this group provides for now at least an equally likely explanation of their deficit rather than the side of their field defect.

Our backward-masking protocol has been suggested to largely influence higher-order feedback as well as the parvocellular pathway (Breitmeyer and Ogmen, 2000; Enns and Di Lollo, 2000; Breitmeyer et al., 2006). Both these pathways could contribute to refine the initial “global and coarse” perception of the scene. To us, all these open the possibility that previously found hemispheric asymmetry might not necessarily originate in the ascending pathways but in the feedback to V1 that was not appropriately masked. Admittedly, a stronger conclusion on this notion would require a direct study of the effect of the backward-masking on the presence of hemispheric asymmetry.



Modeling as a New Diagnostic Tool

Our results challenge the “common sense” beliefs, e.g., that the extent of the VFD may predict the challenge posed to people with OCL, as Figure 5 shows that patient P07 with the largest VFD performs better than patient P01 with significant field sparing. The occluded part of the visual field in a healthy observer causes a significant drop in scene discrimination, which depends lawfully on the extent of the occlusion in healthy observers as well as in the GIST model. For OCL participants, this relationship is not so clear. The experience of a patient with a rather complete hemianopia can be casual: “The visual field defect, although annoying, does not really bother me. You cannot see behind you either, right?,” while others experience their (smaller) defect as a serious handicap and need to resort to a white cane for assistance. People with OCL do not experience VFD as a simple occlusion of the functional visual field. Rather peoples’ experiences range from not being able to give a meaningful response to stimuli in their VFD to being able to unconsciously process stimulus information, as in blindsight (Poppel et al., 1973; Weiskrantz et al., 1974). Clearly, a direct comparison like the extent of the VFD between OCL participants and healthy observers, leaves unexplained much of the ADL variation between patients. Further investigations may benefit from the use of a more elaborate approach, using more sophisticated stimulation combined with modeling.

Our method could distinguish three categories of OCL participants: category I includes about half of the OCL participants who perform significantly worse than the GIST model would predict based on the extent and size of their VFDs; category II, the other half of OCL participants, performed as predicted; and category III with one participant P07 who performed even better than the model predicts. When considering the GIST model, we appear to find a correlation in the anatomical location of their lesions. For category I, lesions include the posterior part of the corpus callosum (splenium) and subcortical areas including the LGN in addition to OCLs. In OCL participants from category II, the lesions are limited to the striate and extrastriate occipital areas. For category III, or rather the case study of participant P07, we observed a focal optic radiation lesion following a medical procedure to remove a knot of blood vessels. This lesion leaves (extra-)striate areas and the subcortical areas largely intact. This particular participant is also young (25 years old), and we observed that despite his rather complete hemianopia, he performed even better than the average healthy observer would when this participant’s VFD was simulated. We suggest that even though this patient cannot consciously process information in the field defect, the intact cortical tissue lacking input might still somehow contribute to global visual processing of the scene through, for example, interhemispheric communication, or through subcortical projections bypassing area V1 and directly projecting to extrastriate cortex.

The characteristics of OCL are usually determined with perimetry, which involves detection of flashed point stimuli. Such visual stimuli do not probe the spatial integration properties of the visual system and may underestimate the visual effect of damage to those properties. Therefore, we investigated performance on a visual scene discrimination task in OCL participants, which does require spatial integration. A functional model of scene discrimination (Torralba and Oliva, 2003) turned out to also provide an accurate description of the performance by healthy subjects with simulations of OCL by occlusion of a part of their visual field even when moderate levels of noise were applied. This allowed prediction of performance loss in real OCL participants on the basis of extent and location of their VFD and the GIST model. Note that this implies the assumption that the OCL visual network performs as in healthy subjects. We found in 17 OCL participants eight with performance loss as predicted by the GIST model, eight with significantly larger performance loss, and one subject with significantly better performance than expected from occlusion only.




CONCLUSION

Our modeling approach provides a quantitative way to characterize OCL participants’ defects in a more naturalistic context than the standard visual field measurements. This is something that has been lacking in the present literature and in the clinic alike. We noticed that contrary to standard “common sense” beliefs, the extent or location of the VFD does not predict the challenge posed with respect to scene perception to the OCL participants. By using a modeling approach, we cautiously suggest that lesions affecting interhemispheric integration may contribute to the performance loss. We propose that the role of interhemispheric connections for dealing with people with OCL needs more attention.
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Loss of vision across large parts of the visual field is a common and devastating complication of cerebral strokes. In the clinic, this loss is quantified by measuring the sensitivity threshold across the field of vision using static perimetry. These methods rely on the ability of the patient to report the presence of lights in particular locations. While perimetry provides important information about the intactness of the visual field, the approach has some shortcomings. For example, it cannot distinguish where in the visual pathway the key processing deficit is located. In contrast, brain imaging can provide important information about anatomy, connectivity, and function of the visual pathway following stroke. In particular, functional magnetic resonance imaging (fMRI) and analysis of population receptive fields (pRF) can reveal mismatches between clinical perimetry and maps of cortical areas that still respond to visual stimuli after stroke. Here, we demonstrate how information from different brain imaging modalities—visual field maps derived from fMRI, lesion definitions from anatomical scans, and white matter tracts from diffusion weighted MRI data—provides a more complete picture of vision loss. For any given location in the visual field, the combination of anatomical and functional information can help identify whether vision loss is due to absence of gray matter tissue or likely due to white matter disconnection from other cortical areas. We present a combined imaging acquisition and visual stimulus protocol, together with a description of the analysis methodology, and apply it to datasets from four stroke survivors with homonymous field loss (two with hemianopia, two with quadrantanopia). For researchers trying to understand recovery of vision after stroke and clinicians seeking to stratify patients into different treatment pathways, this approach combines multiple, convergent sources of data to characterize the extent of the stroke damage. We show that such an approach gives a more comprehensive measure of residual visual capacity—in two particular respects: which locations in the visual field should be targeted and what kind of visual attributes are most suited for rehabilitation.

Keywords: vision, stroke, magnetic resonance imaging, fMRI, DTI, lesion, visual field loss


INTRODUCTION

Vision loss is a frequent problem following stroke, affecting roughly two-thirds of stroke survivors (Rowe et al., 2013, 2019). Damage to the primary visual cortex is commonly reported (Gray et al., 1989) and usually results in homonymous visual field loss (HVFL)—a complete loss of conscious vision in the contralateral hemifield (Smith, 1962). The scotoma in the visual field can range from a single visual field quadrant (quadrantanopia) to an entire hemifield (hemianopia). Depending on the location of the lesion, the representation of the macular region can be spared—but in some cases it is lost. This impairment greatly impacts quality of life (Papageorgiou et al., 2007), as it affects many aspects of daily living such as reading (Leff et al., 2000), driving (Bowers et al., 2014), and navigating through crowded environments (Goodwin, 2014).

The diagnosis of HVFL in cerebral stroke is typically established using standardized static perimetry. This technique is built on the assumption that areas of the blind field correspond to cortical regions where neurons are damaged to such an extent that they are unable to respond to visual input signaled by the retina. However, it is not clear how useful this measure is for quantifying functional visual capacity and rehabilitation potential. For example, reports of “blindsight”—the ability to respond to visual stimulation in the blind field—suggest that some visual function persists after damage to the visual cortex (Pöppel et al., 1973; Magnussen and Mathiesen, 1989). A recent study by Papanikolaou et al. (2014), using functional magnetic resonance imaging (fMRI), revealed functional responses in V1 corresponding to the “blind” hemifield—apparent cortical sparing that was not captured by static perimetry. This important result suggests that alternative methods of diagnosing the extent of visual capacity is required for individuals with stroke-related HVFL: both, for establishing the details of the visual loss, as well as the rehabilitation potential of patients.

At present, there are no universally accepted, effective rehabilitation programs for HVFL. One promising approach to recovery is perceptual retraining, where repeated stimulation (via training) of specific visual channels is used to induce functional reorganization in the “blind” field (Sahraie et al., 2006; Huxlin et al., 2009). This technique has been widely used in a range of visual deficits not related to stroke, such as amblyopia and age-related macular degeneration (Astle et al., 2011, 2015) and is emerging as an effective tool in rehabilitation. To treat HVFL, different laboratories have implemented perceptual retraining using visual stimuli that are selective for different visual channels, including broadband spatial and temporal frequency patterns and stimuli optimized for motion perception (Pleger et al., 2003; Sahraie et al., 2006; Raninen et al., 2007; Huxlin et al., 2009; Casco et al., 2018; Barbot et al., 2020). However the effectiveness of perceptual training in treating HVFL following stroke appears limited, as improvements tend to vary substantially across individuals. A recent clinical trial using a motion discrimination task for training highlighted this problem, showing no improvements over controls in visual field measures in a large cohort of stroke survivors (Cavanaugh et al., 2020).

Although supporting evidence for restitutive approaches to therapy remains weak, this may be because the most appropriate areas of the field are not targeted. A major issue in rehabilitating HVFL is the large individual variability of lesion size, location, time since lesion, and residual visual capacity. Broadly speaking, functional recovery in the “blind” field has been attributed to two possible mechanisms: strengthening of alternative visual pathways or functional reorganization of the spared cortex (Das and Huxlin, 2010). Therefore, the potential for recovery may be limited to individuals with intact cortical structures or alternative visual pathways that could support some level of visual reorganization. The taxonomy of different subtypes of blindsight (Danckert and Rossetti, 2005) further highlights the complexity of how residual function in the blind field manifests itself in terms of visual capacity (or even awareness). If therapy could be better guided by functional activity patterns in the brain, it may improve rehabilitation approaches by delineating the visual field locations with the best chance of functional recovery (Figure 1).
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FIGURE 1. Overview of visual function measurements and how they can be combined. (A) Perimetry and informal reports of visual experience give reproducible assessments of patients’ perceptions, but they can be subjective. All participants had a full optometric and ocular health assessment. (B) Mapping of standard clinical measurements of visual function to less commonly used assessments of brain function, which provide a complementary picture of visual function loss. (C) Example of anatomical lesions as seen with T1-weighted magnetic resonance imaging. (D) Functional MRI provides information about visually responsive regions in ipsi- and contra-lesional cortex. (E) Diffusion weighted imaging can provide information about the intactness of white-matter pathways underpinning visual function (e.g., optic radiation, OR, vertical occipital fasciculus, VOF).


Here, we present an analysis of individualized anatomical and functional biomarkers to see how they link to perimetric measures of the visual field. We obtained a full set of optometric measures, including standardized static perimetry, for all participants. To measure the extent of injury caused by stroke, we quantified lesioned and spared cortex in the occipital lobe from anatomical MRI data. To determine the functional integrity of spared visual brain networks, we measured fMRI responses to supra-threshold (retinotopic) visual stimuli presented at sequential points in visual space. This allowed us to use population receptive field (pRF) mapping to reconstruct a representation of visual space across different cortical areas of the visual brain. By estimating the centers and sizes of population receptive fields, we were able to construct a coverage map of the visual field, allowing us to measure the extent of neural responses to visual input inside the scotomatous field defined by perimetry (Dumoulin and Wandell, 2008; Papanikolaou et al., 2014). To identify spared white matter fibers connecting brain areas in visual cortex within the lesioned hemisphere (and between hemispheres), we also acquired diffusion weighted imaging data (DWI) which we analyzed with computational tractography to map out a set of identified tracts underpinning inter- and intra-hemisphere connectivity in occipital, temporal and parietal cortex (Leh et al., 2006; Puig et al., 2017).

We argue that a detailed functional assessment with fMRI will help shed new light on possible targets for rehabilitation in HVFL. Higher-resolution definitions of the patient-specific patterns of residual visual field coverage and cortical integrity across stroke survivors could ultimately improve diagnosis and understanding of the disorder (Millington et al., 2017). While recovery of additional visual field—lost topographic information by damage in early visual areas—is unlikely (Horton et al., 2017), loss maps for higher-level regions that preferentially code e.g., color, motion, or faces may be less affected. In that case subjects may be able to “learn” how to exploit this information in the residual field to support some visual behaviors.

A combination of cross-modal imaging data provides a powerful source of information to characterize the visual capacity of individual stroke survivors with HVFL and supports a personalized medicine approach to stroke intervention. In time, this could help address the marked variability in individual responses to rehabilitation strategies and generate new outcome measures for treatment.



MATERIALS AND METHODS


Participants

Four stroke survivors with HVFL were recruited for this study. A summary of demographic information can be found in Table 1 (and Supplementary Appendix A). We recruited participants through local communities (Nottingham Stroke Research Partnership Group, Nottingham Stroke Club) and advertising to stroke-related organizations (Stroke Association, DifferentStrokes). The inclusion criteria for participation in the study were: (1) Full informed consent, (2) showing symptoms of homonymous visual defect, (3) no evidence of retinal or optic nerve pathology, (4) no manifest strabismus, (5) good ocular motility, (6) absence of spatial neglect, which was assessed through a conventional sub-test of the behavioral inattention test, BIT C (Wilson et al., 2004). All experiments were performed with ethical approval from the School of Psychology ethics committee (F944/F1055R) and all participants gave written, informed consent.


TABLE 1. Demographic and basic clinical information about participants.
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Vision Tests

A test battery measuring basic visual function and standard ocular health was conducted by a registered optometrist. This included determining (1) existing spectacle prescription, (2) logMAR visual acuity, (3) cover test for ocular alignment, (4) ocular motility, (5) refraction, (6) and an assessment of external (slit-lamp biomicroscopy) and internal ocular health (indirect and direct ophthalmoscopy). The test results for each participant can be found in Supplementary Table 1.



Static Perimetry

Static perimetry data (for both eyes) were acquired using a standard automated perimeter (M700 Medmount Automated Perimeter). During field testing, a spatially adaptive probe was used, extending out to 50° of visual angle. This allows an initial test pattern of points to be acquired, with additional points added automatically in the region of any suspect field defect; therefore, the number of samples tested depended on the integrity of the subjects’ visual field and ranged between 39 and 168 measurement points per eye. For a particular measurement point, the light intensity required was compared with the age normal value for the participant. When the difference was larger than 6 dB, the neighboring measurement points were automatically added for testing. This method allows for a quick delineation of the visual field using thresholds inside the age normal range (or the edge of the perimeter display). It is worth noting that although this method allows for a large area of the visual field to be covered quickly, subtle defects (or small areas of residual vision) may be missed between test points. One test run (monocular) took around 8 min (longer with increased severity of the visual field loss).



Fixation Stability and Microperimetry

We used microperimetry to (a) ensure that our field defect measurements from static perimetry were reliable and repeatable and (b) to get a measure of fixation stability. Microperimetry data were collected separately for each eye using a MAIA-2 (iCare, Finland) device. This technique measures retinal sensitivity using the minimum light intensity that patients can perceive when small increments in luminance are used to stimulate discrete locations on the retina. The measurements were performed with a natural pupil in a dim room. Sensitivity was measured using the full threshold 4–2 expert test, with a custom grid of 41 points covering the central 20° of visual angle. Test locations were spaced at 2° over the central 10° of the visual field. The stimulus size was Goldmann III, background luminance was 4 asb (or 1.27 cd/m2) and maximum luminance was 1,000 asb (318.3 cd/m2) with a 36 dB dynamic range. A red circle, with a size of 1°, was used as a fixation target. Fixation stability during microperimetry was quantified using the Bivariate Contour Ellipse Area (BCEA) measure (Steinman, 1965).



Magnetic Resonance Imaging

Magnetic resonance imaging data were acquired using a 32-channel head coil on a 3T Phillips Achieva MR system at the Sir Peter Mansfield Imaging Centre (Nottingham, United Kingdom). In each scanning session, we acquired anatomical, diffusion-weighted, and functional data as follows. Anatomical scans were acquired using a T1-weighted 3D MPRAGE sequence with the following parameters: 1mm isotropic voxel size, SENSE r = 3, TE = 3.7 ms, TR = 8.13 ms, FA = 8°, TI = 960 ms, FOV 160 × 256 × 256 mm3. To aid visualization of lesions, we also acquired T2-weighted images with high inplane resolution (axial) using the following parameters: 0.45 mm inplane voxel size, 3 mm slice thickness, 1 mm gap, TE = 88.9 ms, TR = 3,381 ms, FA = 90°, resulting in images with a matrix size of 512 × 512 × 36.

Diffusion weighted data were acquired at 2 mm isotropic resolution, using a single-shot, echo-planar sequence and the following parameters: TE = 57 ms, TR = 8,217 ms, b = 1,000 s/mm2. Diffusion weighting was applied in 60 directions, one volume was acquired with b = 0 s/mm2. To allow distortion correction using FSL’s topup (Andersson et al., 2003; Smith et al., 2004), we acquired two calibration images with reversed phase-encoding directions, resulting in distortions going in opposite directions.

Functional MRI data were acquired with a close to axial slice prescription and covered most of the head from frontal to occipital cortex. We used 2D gradient echo EPI, SENSE r = 2, TE = 35 ms, TR = 1,500 ms, flip angle = 75°, 24 slices at 3 mm isotropic resolution.



Anatomical Lesion Segmentation

Semi-automatic lesion segmentation was performed using ITK-SNAP (Yushkevich et al., 2006), using an active contour method. Briefly, we used the following steps to define lesions masks: we removed non-brain tissue from the high-solution anatomical images using optiBET (Lutkenhoff et al., 2014), which has been optimized for use with brain lesions. In the ITK-SNAP workflow, we applied a threshold to the T1-weighted anatomy image and used seed points inside the lesions to grow using the healthy hemisphere as a frame of reference. To allow direct comparison between healthy and lesioned hemispheres, we made use of left-right reversed images.



Analysis of Diffusion Weighted Data

We used FMRIB’s Diffusion Toolbox (FDT) to process the diffusion weighted imaging data. Data were corrected for eddy current distortions and subject motion (eddy); a fieldmap for correcting susceptibility induced distortions was estimated using topup. We used the standard “ball and stick” model implemented in bedpostx for estimating the local diffusion parameters and default values with probtrackx for probabilistic tractography (Behrens et al., 2003, 2007). In addition, we used xtract (De Groot et al., 2013; Warrington et al., 2019) for delineating a subset of tracts proximal to the lesion sites in our participants: left/right: optic radiations, vertical occipital fasciculi, dorsal cingulum, as well as the forceps major.



Stimulus Presentation

The stimuli presented in our experiments were based on those used in standard retinotopy mapping studies (DeYoe et al., 1996; Dumoulin et al., 2003; Dumoulin and Wandell, 2008). We used the implementation in MGL (Gardner et al., 2018) to present sets of rotating wedges, expanding/contracting rings and moving bars of high-contrast, moving checkerboard stimuli. These stimuli are designed to activate cortical regions representing specific locations of the visual field in a systematic temporal order. Information from the fMRI signal can then be used to reconstruct—for each voxel—the visual field locations that drive its fMRI response.

Participants viewed the stimuli on a BOLDscreen32 (CRS Ltd., Rochester, Kent) at the back of the bore through a mirror mounted on the head coil. Viewing distance to the screen, 119 cm; screen resolution 1440 × 1080 pixels; refresh rate, 100 Hz.

The wedge, ring and bar stimuli had a period of 24 s and to maximize comfort for the participants, we collected data in 6–10 scans lasting five cycles. To help participants maintain fixation and attention during stimulus presentation, we used a simple fixation dimming task (two-interval forced choice): participants had to indicate by button press, which of two intervals contained a darker fixation cross (cyan). Difficulty of the task was adjusted by changing the brightness difference between the intervals in line with a 2-down, 1-up staircase. Participants were trained with the stimulus presentation prior to the scanning session to ensure that they understood the requirements of the task (maintain gaze stability and respond to the color change of the fixation cross).



Functional Data Analysis

We used population receptive field analysis (Dumoulin and Wandell, 2008) to measure visual field maps in the cortex. Data were analyzed using a combination of FSL (Jenkinson et al., 2012) and custom written software, mrTools (Gardner et al., 2018), running in Matlab (MathWorks, Natick, MA). For methodological details of the setup in Nottingham, see also Xing et al. (2013). We used minimal pre-processing steps, which included motion correction within and across scan repeats (mrTools) and temporal high-pass filtering with a cutoff at 0.01 Hz to remove signal drift.

For each voxel in our fMRI datasets, we estimated best-fit parameters describing a 2D, circularly symmetric Gaussian population receptive field (Dumoulin and Wandell, 2008). Briefly, the model uses a 2D Gaussian profile in visual space (centered at [x0,y0], with a standard deviation, σ) to describe the population receptive field, the area that integrates the visual stimulus. The predicted fMRI response additionally takes into account temporal delay and blurring by the hemodynamics. For each voxel in our retinotopy scans, we used the measured time series and stimulus-based predictions to compute the best-fit parameters [image: image] using non-linear least-squares. The quality of the fit was assessed using r2, the coefficient of determination. A threshold for “reliable” voxel estimates in the visual areas was determined by reference to a non-visually responsive area in prefrontal cortex; we used a value of 3 SD above the mean r2 in that control ROI, as described in Papanikolaou et al. (2014).



Mapping to Standard Space

Cortical damage due to stroke can affect image segmentation with tools optimized for neurologically normal brains. In particular, reconstruction of the gray matter and white matter surfaces, inflation and flattening of lesioned hemispheres with freesurfer or caret may not be routinely possible. To allow the same analysis steps for intact and lesioned hemispheres, we therefore used a volume-based approach to relate anatomical lesions and residual functional responses to the known layout of visual areas. We first registered data from fMRI space to the individual’s T1 anatomy scan (mrAlign, Nestares and Heeger, 2000) and the anatomy scans into MNI152 space (12 dof, FLIRT, Jenkinson et al., 2012). To allow comparisons across imaging modalities, we used the 1mm isotropic standard MNI space as a common target for final visualizations and data summaries. For example, statistical maps derived from BOLD fMRI (pRF maps) were super-sampled from 3 mm isotropic into this 1 mm1 space. This was particularly important, as it allowed us to map fMRI responses, anatomical lesion quantification and other derived measures, e.g., from the pRF analysis, to be characterized by the same probabilistic atlas (viz Wang et al., 2015). We used the maximum probability maps derived from the volume based analysis of the Wang et al. (2015) atlas to characterize the different visual regions.



Visual Field Coverage in Intact and Lesioned Hemispheres

To show residual visual responses in cortex, we used two approaches: (1) Plots of the pRF centers [image: image] super-imposed on the corresponding static perimetry results. (2) Visual field coverage maps that visualize the integrated area covered by pRFs for a given region of interest (Papanikolaou et al., 2014). Relating the perimetry data to the cortical visual responses elicited in the fMRI experiment allowed us to look for mismatches between the two techniques, in particular fMRI responses to stimuli in areas declared non-functional by standard perimetry. The visual field coverage maps can be constructed from pRFs found in specific ROIs, highlighting visual field locations that are being driven by activity in those cortical regions.




RESULTS


Homonymous Visual Field Defects

The static perimetry data revealed homonymous visual field defects across all four stroke survivors (Figures 2A,C–E), two with complete right sided hemianopia with no apparent macular sparing (Figures 2A,E), two with partial or complete lower left field quadrantanopia (Figures 2B,C). The estimated pattern defect and mean deviations were consistent across both eyes in all subjects, as seen in Table 2 (sensitivity measurements across the visual field for each participant can be found in Supplementary Appendix B). Furthermore, these results were consistent with microperimetry data.


[image: image]

FIGURE 2. Definition of homonymous visual field loss with perimetry and correspondence to anatomical lesions. (A) Visual field definition by standard perimetry for participant 14196. Test locations (gray squares) were equally spaced across the left and right portion (light gray shading) visual field. Locations at which the participant did not respond to stimuli are shown for both monocular tests [red open symbols, tested through right eye (OD), close blue symbols, tested through left eye (OS)]. There is a tight correspondence between the two sets of measurements, indicating a homonymous visual field defect. (B) Annotated slice of anatomical MRI scan for participant 14196. Dark blue, red lines show projections from the temporal retinae. Light blue, red lines show projections from the nasal retinae. The extent and location of the cortical lesion (star symbol in left hemisphere, LH) determines the contralateral visual field loss. There was no apparent cortical loss in the right hemisphere, RH, reflecting the perimetry measurements in (A). (C–E) Perimetry results for the other participants in our study in the same convention as (A). Note that for participant 11773 perimetry was performed with slightly different parameters and only extended to 30° eccentricity.



TABLE 2. Perimetry results (standard clinical scores).

[image: Table 2]


Fixation Stability

To be able to measure reliable results with retinotopic fMRI stimuli, it was important to establish that the participants were able to maintain stable fixation at the center of the screen. During microperimetry, we measured the BCEA containing 63% of fixations, a widely used evaluation of fixation stability (Crossland et al., 2004). Participants 11773, 14196 and 14326 showed relatively small BCEA values, ranging from 0.4°2 to 1.7°2, whereas participant 13978 had a large BCEA (left eye: 17.9°2, right eye: 26.9°2) indicating more unstable fixation.



Anatomical Lesions Are Highly Variable

Both the anatomically defined lesion masks and the T1-weighted anatomical images and brain-extracted derivatives were normalized into standard space (Figure 3). To quantify the lesions, we computed the percentage overlap between the lesions definitions in individual participants and the 25 cortical ROIs defined by the probabilistic atlas of Wang et al. (2015). To aid visualization, we grouped the ROIs into 5 cortical territories: early visual (V1v, V1d, V2v, V2d, V3v, V3d), ventral (hV4, VO1, VO2, PHC1, PHC2), lateral occipital (MST, hMT, LO1, LO2, V3a, V3b), dorsal (IPS1, IPS2, IPS3, IPS4, IPS5, SPL1) and frontal (FEF). The dot plots in Figures 3B,D,F,H indicate the proportion of these areas lost, 0% indicating total sparing of cortex in the corresponding region of interest, and 100% indicating complete loss.


[image: image]

FIGURE 3. Anatomical lesions. Locations and quantification for each participant. (A,C,E,G) Brain-extracted anatomical images in sagittal, coronal, and axial view (grayscale), in planes that show the extent of the anatomically defined lesions (red). We used optiBET (Lutkenhoff et al., 2014) for skull stripping. (B,D,F,H) Lesion damage by subregions. To quantify lesions with respect to known visual areas, we transformed the lesion masks in participant space into MNI space and computed percentage overlap with the regions of interest defined in the probabilistic atlas of Wang et al. (2015). Each row (dot) in the dotplot shows percentage loss for an ROI (V1 bottom, to FEF, top). To aid visualization, we grouped ROIs into cortical territories: early visual (red), ventral (dark yellow), lateral occipital (green), dorsal (blue), see also Figure 5. (I) Location of cortical ROIs from Wang et al. (2015) atlas. The location of the four cortical territories (colors) comprising 25 ROIs are shown on axial slices of the MNI152 brain (gray). Note that the Wang et al. (2015) atlas also included labels for frontal eyefiels (FEF), but none of the participants showed damage in that region.



Lesion Size Is Not a Good Indicator of Visual Field Loss

All participants showed damage to early and ventral regions, but the extent and pattern of the damage varied widely across participants. For example, participant 11773—with hemianopia—had stroke lesions that were only co-located with early visual areas (Figure 3A). Conversely, participant 13978—with quadrantanopia and an ostensibly smaller visual field loss—showed a much larger anatomical lesion (compare Figures 2C, 3C).



Homonymous Visual Field Defects Are Typically Characterized by Damage to the Early Visual Cortex (V1–V3)

We observed this pattern in three of the four participants (11773, 13978, and 14196). In one participant (14326), the lesion site was dominated by lateral occipital regions.




Diffusion-Weighted Imaging Indicates Tract-Level Damage

To assess white matter integrity at the level of major identified tracts, we used diffusion-weighted imaging and probabilistic tractography. The most relevant tracts for the stroke survivors in this study were those connecting areas within and between the occipital lobes, namely the vertical occipital fasciculi (vof, left and right), the optic radiations (or, left and right) and the dorsal bundles of the cingulum (cbd, left and right). In addition to these lateralized structures, we also analyzed the forceps major, a large bundle connecting the visual areas via the splenium of the corpus callosum.

After computing the microstructural measures using a diffusion tensor fit (dtifit), and probabilistic tractography (bedpostx) we used an automated method for defining the tracts of interest (xtract, see section “Materials and Methods” for details). Figure 4A shows a rendering of those tracts superimposed on the fractional anisotropy (FA) map for participant 14196 (right hemianopia). An extended area of reduced FA is clearly visible in the left hemisphere (compared to the right). This area corresponds to part of the stroke lesion.


[image: image]

FIGURE 4. White matter intactness, results from diffusion weighted imaging and analysis. (A) White matter tracts identified from diffusion weighted data by probabilistic tractography (probtrackx). Blue, optic radiations (left and right); red, vertical occipital fasciculi (left and right); green, forceps major, a large fiber bundle of the corpus callosum connecting visual areas in the left and right hemisphere. Grayscale image, map of fractional anisotropy. (B) Percentage change in fractional anisotropy between the lesioned and non-lesioned hemisphere for vof, or, and cbd. For all participants (sub-panels), there was a clear reduction in the FA values in the lesioned hemisphere up to 40%, although the magnitude and pattern of reduction was markedly different across participants.


Despite the stroke lesion overlapping the optic radiation (OR) in the left hemisphere, the probabilistic tractography identified tracts on both sides. It is worth noting that although the left OR looks completely disrupted in the particular section shown (blue label, Figure 4A), a bundle was still present, although of a reduced volume: in this participant it measured 8,470 mm3 in the left hemisphere compared to 12,254 mm3 in the right (using the default threshold of 0.001 on the tract probability maps).

To quantify the differences in the underlying microstructure, we computed the mean FA value in the identified tracts and compared the values in the lesioned hemispheres to those in the non-lesioned ones. For all participants, there was a clear reduction in the FA values in the lesioned hemisphere, although the magnitude and pattern of reduction was markedly different across participants (Figure 4B).



Visual Field Maps Reveal Cortical Responses in “Blind” Portions of Visual Field

To identify any residual functional activity in the regions of cortex corresponding to visual field defects, we mapped the pRF centers [image: image] from the lesioned hemisphere onto the corresponding static perimetry results as seen in Figure 5. As in the visualization of the anatomical results, we grouped the pRF models into cortical territories (early visual, ventral, lateral occipital and dorsal regions. [The Wang et al. (2015) atlas also included a frontal region of interest, but no pRF model fits exceeded the threshold for reliable responses.]


[image: image]

FIGURE 5. Visual field maps derived from functional MRI and population receptive field (pRF) analysis. (A–D) Population receptive field (pRF) centers are plotted in polar coordinates for each participant to show the voxel representations in the visual field containing the scotoma. Note that in this plot, we only consider the centers of the pRFs that exceed an r2 threshold determined in a control region. The scatter plot of pRF centers (colored symbols) is overlaid on the scotoma definition from perimetry (gray squares). Data for the ispi-lesional visual field (from the unaffected hemisphere are not shown in light gray symbols). Note that for participant 13978, fixation stability was an issue (and even with gaze-contingent microperimetry, acquiring robust data was challenging). For participant 14326, robust macular sparing was apparent in both standard and microperimetry. Despite this, the fMRI measurements still reveal a different pattern of loss (cf Table 3 and Supplementary Figures 1, 2).


To quantify the visual capacity in the “blind” region, we took into account the extent of each voxel pRF (circular region in visual space, centered at [image: image] with radius [image: image]) and measured the number of pRFs that intersected with the scotoma. As the absolute count of reliable pRFs can also be affected by changes in signal-to-noise-ratio of the BOLD signal across participants, we compared these counts to those in the non-lesioned hemisphere. By flipping the “blind” region in the perimetry across the vertical meridian (y-axis) and measuring the number of intersecting pRFs for the non-lesioned hemisphere, we therefore obtained a directly comparable count (within participant and unaffected by changes in pRF fit quality across ROIs; Figure 6). The scatter plots in Figure 6A show the number of pRFs intersecting with the blind field in the lesioned hemisphere compared to those in the non-lesioned hemisphere. ROIs that fall close to the diagonal line in these plots represent similar pRF counts in the stroke and healthy hemisphere—indicating unaffected levels of visual response for that region. Points that fall well below the diagonal identify ROIs whose response was substantially reduced in the lesioned hemisphere.


[image: image]

FIGURE 6. Quantifying and visualizing residual function from population receptive fields (pRF). (A) Comparing population receptive field (pRF) results between the lesioned and healthy hemisphere (participant 11773). For each ROI, the number of pRFs (approximated as circles with radius σ) that intersect with the convex hull of the scotoma was calculated. As a control, pRFs intersecting with the scotoma flipped into the non-affected field were counted—this corrects for changes in size of ROIs as well as the ability of the pRF model to fit responses in higher visual areas. Counts related to voxels in 1 mm standard space, so equivalent units are mm3. (B) Three ROIs with high pRF counts in the stroke hemisphere; the pRFs corresponding to voxels in this regions were used to construct normalized and non-normalized visual field coverage maps (cf Papanikolaou et al., 2014). The domain of the color map used for the non-normalized versions here spanned zero to the maximum pRF amplitude over all voxels. The visual field coverage maps across all three identified subregions show consistent coverage across the lower quadrant.


We used a non-parametric statistical test to quantify differences in the distribution of pRF responses overlapping with scotoma and corresponding portion in the intact visual field. For each ROI in each participant, we obtained the distributions of r2-values and compared them using a Kolmogorov-Smirnov test. Only pRF responses from uniquely identified functional voxels were used for this test. Table 3 shows the D statistic and corresponding p-values. The null hypothesis, H0, for this test is that r2-values in the healthy/stroke ROIs come from the same distribution. For nearly all ROIs, the distributions in healthy and stroke hemispheres were significantly different from each other based on this test. For some ROI, notably outside early visual cortex, there were no pRFs that overlapped with either the scotoma or the corresponding region in the intact visual field. This could less consistent alignment of these regions across participants (and with the probabilistic atlas).


TABLE 3. Differences in population receptive field coverage in lesioned and healthy hemispheres.

[image: Table 3]
In both participant 11773 (hemianopia) and participant 14326 (quadrantanopia), we were able to identify ROIs that had near normal counts of reliable pRFs, indicating visual activity in the “blind” region of the visual field. Interestingly, such responses were more prominent in early visual and lateral occipital regions of the lesioned hemisphere. Overall, participant 14196 (hemianopia) showed a smaller extent of functional activity within the “blind” region, as seen in Figures 5C, 6A. Participant 13978 (quadrantanopia) showed little evidence for any residual function in regions corresponding to the scotoma.

To demonstrate how these spared cortical regions are represented in the visual field, we constructed the normalized visual field coverage maps for three selected ROIs (V3, LO1, IPS0) in participant 11773 (for methods refer to Papanikolaou et al., 2014). These regions showed a high number of pRFs represented within the scotoma (these ROIs fell close to the diagonal line in the scatter plot in Figure 6B). The visual field coverage maps derived from pRFs in these regions showed residual functional activity in the right, lower quadrant of the hemifield within the scotoma. This consistency across visual field coverage maps, derived from different regions, adds supporting evidence for some common residual processing of information from these regions of the visual field.




DISCUSSION

This paper demonstrates a multi-modal approach using brain imaging (MRI) to carefully characterize the link between perimetry-derived visual field loss and biological markers of stroke damage. We used lesion definitions based on anatomical scans, measures of white matter integrity from diffusion imaging and responses to visual stimuli from functional MRI in four stroke survivors with homonymous visual field defects. In three out of the four stroke survivors, we showed strong evidence of residual functional activity in parts of the visual brain representing visual field locations defined as scotomatous by perimetry. Our results are consistent, both with reports of blindsight (Pöppel et al., 1973; Magnussen and Mathiesen, 1989) and the findings by Papanikolaou et al. (2014), who used fMRI to map out spared visual cortex responses in four stroke survivors with quadrantanopia.


Mismatches Between Perimetry and Imaging Defined Responses

It is useful to consider the mismatches between the clinical, static perimetry and imaging defined measures in turn: to (a) lesion definitions from anatomy scans, (b) fMRI derived population receptive field (pRF) maps, (c) any damage in diffusion imaging defined white matter tracts. Each of these measures provides complementary information about the stroke-related damage in the brain. Ultimately, building up a more detailed, “multivariate” picture of stroke lesions in this way will help identify new strategies for rehabilitation.


Perimetry and Anatomical MRI

The pattern and extent of cerebral lesions varies substantially across stroke survivors, even in situations where the perimetry-defined visual field loss is remarkably similar. For example, participants 11773 and 14196 in our study, both with hemianopia, have very distinct and different patterns of cerebral lesions, yet a nearly indistinguishable visual field loss. This in itself underscores the value of additional personalized measurements to characterize the patient-specific visual field loss.

Many reports of anatomical lesion definitions of HVFL provide only a cursory outline of the lesion location, pointing to the occipital cortex or the occipital pole (Fujino et al., 1986; Sanchez-Lopez et al., 2020). However, there is a drive for personalized approaches to treatment and constant improvements in imaging technology are likely to facilitate this (Hinman et al., 2016).

In the current study, we used information from a probabilistic atlas of visual areas (Wang et al., 2015) to further subdivide the cortical parts of the stroke lesions. Other cortical atlases and parcellations may provide additional information (van Essen et al., 2019), but our choice of using a probabilistic atlas of visual areas was driven by a similarity in the methodology used to define topographically organized areas, and a growing literature on the functional properties of these areas (Wandell et al., 2007). The definitions of the 25 regions in each hemisphere, alongside which areas are most and least affected by the stroke, suggest particular stimulus categories or “channels” that may be most useful for rehabilitation.



Perimetry and Visual Responses in Functional MRI

We found residual visual responses to stimuli presented inside the scotoma of all participants. In three out of the four stroke survivors, residual functional activity was robust and in one case (participant 14326) the functional responses were broadly similar to the non-lesioned hemisphere (see Figures 5D, 6A). For one participant (13978, Figures 5B, 6A) this pattern was much less clear, but we note that this individual had particularly unstable fixation, as seen in the microperimetry derived measure of fixation stability (BCEA). This has the potential to reduce the reliability of functional maps and in situations where fixation stability is poor, some form of gaze contingent mapping may be beneficial. At present, we do not know whether ocular instability has masked residual cortical activity within the defined region of the scotoma.



Perimetry and Diffusion Weighted Imaging/Tractography

We obtained diffusion weighted imaging data for all participants in our study. By fitting a diffusion tensor model, these data can be used to compute voxel-wise statistics such as fractional anisotropy (FA) and mean diffusivity (MD) that are sensitive to changes in microstructure. Without much further analysis, these images provide an additional image contrast that can be useful in clearly defining lesion damage (Tae et al., 2018). In addition, we performed probabilistic tractography using tools from FDT (bedpostx, probtrackx, xtract). For each participant, we identified the following tracts in the posterior part of the brain: left and right optic radiations, left and right vertical occipital fasciculi, forceps major (connecting visual areas in the left and right hemispheres) as well as the posterior portion of the cingulum.




Potential Sites for Rehabilitation and Optimal Stimuli for Perceptual Learning

The use of perceptual learning paradigms rely on the individual’s capacity to relay relevant information about the stimulus from the retina to visual cortex (Horton et al., 2017). If the cortex, or the connecting white matter tracts are completely lost, any changes in visual function, or recovery in the scotoma cannot be expected. Therefore, to maximize potential success of any rehabilitation approach it is important to identify strategies that are consistent with individual physiology. In order to do this, two pieces of information are crucial: (1) the locations of any sparing in the visual field and (2) which functional/anatomical regions are partially or fully intact. This information could be used to guide a personalized approach to where in the visual field training should occur, say, a patch extending from the fovea to a known eccentricity in the lower left quadrant, which was identified during fMRI mapping.

Importantly, the information about spared anatomical regions (or even functional subdivisions) suggests a class of stimuli or tasks that might provide the largest responses, and therefore the most likely route to rehabilitation. If we consider the field loss revealed by perimetry in terms of topographically mapped regions, then the use of imaging allows the measurement of other “down-stream” loss maps in the post-stroke brain, which may look quite different. Recovery of lost topographic information due to damage in early visual cortex is less plausible (Horton et al., 2017), but if the loss map for regions that prefer e.g., color, motion, or faces are less affected, then subjects may be able to “learn” how to exploit this information in the residual field to support visual behaviors. In some ways, this is akin to the problems introduced by retinal or cortical implants for vision restoration. In that situation, the device introduces distortions and lossy information about the image, but patients can re-learn to use this new input for a range of visual behaviors (for discussion see Beyeler et al., 2017).

For example, if ventral regions are relatively spared compared to dorsal regions, then a training program based on objects, faces, and other stimuli preferentially processed in these regions suggests itself (Kanwisher et al., 1997; Grill-Spector, 2003). The location for visual rehabilitation in the affected visual field should be guided by where (functional) responses can be elicited and then further enhanced by training. This may include areas of the visual field with “functional MRI-defined blindsight”—declared by perimetry to be non-functioning but responding in the fMRI experiment. Additionally, they may also include a more fine-grained definition of areas appearing as spared in perimetry, but not well-defined due to the relatively coarse spatial scale of perimetry.

By way of example, consider the imaging results from participant 11773 (right hemianopia). Residual functional activity within the scotoma, measured across different visual areas, represents the lower right quadrant of the visual field. We propose that restitutive approaches should target this location for perceptual training. The ROIs labeled as contributing to this residual function point toward the class of stimuli that might be most suitable. For example, there is good evidence that V3 is sensitive to chromatic- and luminance-defined motion stimuli (Gegenfurtner et al., 1997; McKeefry et al., 2010). To recruit this part of cortex, therefore, training using moving chromatic and luminance grating stimuli may be most appropriate.

This principle could be applied for other ROIs identified in this way, such as LO1 and IPS0, though visual pRFs representing the scotoma that were defined with standard retinotopy stimuli may be less efficient at driving higher level regions differentially. In addition, the distribution of residual function may vary substantially among other stroke survivors. An interesting question for future work would be to test whether the least complex stimuli consistent with residual function (such as gratings, curvature defined stimuli) or more complex stimuli (such as faces, objects, etc.) are stronger drivers for rehabilitation.

Restitutive approaches are perceptually challenging and require a significant time commitment from stroke survivors—often long hours training on a computer display are required. To ensure the best chance of success and to improve training compliance, it’s important to establish a protocol that is guided by the individual functional activity pattern, using stimuli that the patient’s visual brain can learn to respond to.




CONCLUSION

Multi-modal imaging in stroke survivors provides informative data on both the lesion and spared functional regions in visual cortex for a relatively small time commitment and cost. The scanning protocol used here took only 1 h for data acquisition. We believe our approach could particularly inform perceptual learning-based rehabilitation, by enabling the targeting of specific visual field locations and selecting the most optimal class of stimuli. Our work shows that different individuals might benefit from rehabilitation that targets a specific set of downstream cortical regions. Crucially, detailed mapping in this way could also serve to inform clinicians to direct stroke survivors to other rehabilitation approaches, if imaging-based mapping reveals that no residual function is measurable across the majority of visual areas in the lesioned hemisphere.

It is important to note that other imaging approaches could yield useful, complementary information. Therefore, a larger scale study with more patients, different levels of damage to cortex and using a broader set of imaging modalities based on MR or MEG (see e.g., Kupers et al., 2021) would be very timely. The emphasis of this paper is to establish methodologies for identifying and clearly defining parts of the post-stroke brain that retain the potential to support some usable visual function.
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In the adult visual system, topographic reorganization of the primary visual cortex (V1) after retinal lesions has been extensively investigated. In contrast, the plasticity of higher order extrastriate areas following retinal lesions is less well studied. Here, we used fMRI to study reorganization of visual areas V2/V3 following the induction of permanent, binocular, homonymous retinal lesions in 4 adult macaque monkeys. We found that the great majority of voxels that did not show visual modulation on the day of the lesion in the V2/V3 lesion projection zone (LPZ) demonstrated significant visual modulations 2 weeks later, and the mean modulation strength remained approximately stable thereafter for the duration of our observations (4–5 months). The distribution of eccentricities of visually modulated voxels inside the V2/V3 LPZ spanned a wider range post-lesion than pre-lesion, suggesting that neurons inside the LPZ reorganize by receiving input either from the foveal or the peripheral border of the LPZ, depending on proximity. Overall, we conclude that area V2/V3 of adult rhesus macaques displays a significant capacity for topographic reorganization following retinal lesions markedly exceeding the corresponding capacity of area V1.
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INTRODUCTION

Understanding the detailed capacity of the adult visual system for plasticity is important as it may inform the design of rehabilitative treatments aiming to enhance visual recovery after injury.

Complete homonymous retinal injury eliminates the sensory input to retinotopically corresponding regions of visual cortex. Since the 1990s several studies have focused on the reorganization of the primary visual cortex (V1) after homonymous retinal lesions, producing in part conflicting results. Several studies reported substantial reorganization in the primary visual cortex of cats and monkeys following retinal lesions (Kaas et al., 1990; Heinen and Skavenski, 1991; Gilbert and Wiesel, 1992; Calford et al., 2000; Giannikopoulos, 2006; Gilbert and Li, 2012). Other reports, however, found minimal, if any, topographic changes (Murakami et al., 1997; Horton and Hocking, 1998; Smirnakis et al., 2005). In a recent review, Wandell and Smirnakis (2009) suggested that electrophysiological recording selection bias influences receptive field assessment, largely explaining the disparity of the results.

Similarly, several human fMRI case reports of patients with macular degeneration, suggest that human primary visual cortex undergoes large-scale reorganization (Baker, 2005; Baker et al., 2008; Schumacher et al., 2008; Dilks et al., 2009). Other studies, however (Sunness et al., 2004; Baseler et al., 2011), including a recent comprehensive report on 16 patients (Baseler et al., 2011), find no significant reorganization, or qualify the reported reorganization as being the result of task-dependent extra-retinal top-down feedback (Masuda et al., 2008; Haak et al., 2012; Barton and Brewer, 2015). For a comprehensive review on the capacity of V1 for reorganization following retinal lesions see Wandell and Smirnakis (2009). Overall, the weight of recent evidence (but see Gilbert and Li (2012) for a dissenting view) suggests that minimal, if any, feed-forward reorganization occurs in the primary visual cortex of cats or primates following retinal lesions. However, much less is known about the capacity of extrastriate cortex for reorganization following retinal lesions, and this is the question we tackle in this work.

Visual responsiveness of areas V2/V3 is often thought to depend entirely on V1 input. This is largely based on the finding that transient inactivation of area V1 by cooling immediately eliminates more than 95% of visually driven activity seen in retinotopically corresponding locations of areas V2/V3 (Schiller and Malpeli, 1977; Girard and Bullier, 1989; Girard et al., 1991). However, there is evidence that extrastriate cortex has the capacity to reorganize over longer time scales (weeks-months) following permanent area V1 aspiration lesions: a recent macaque study suggested that in the case of chronic V1 lesions visually driven BOLD responses can be elicited inside the lesion projection zone (LPZ) of areas V2 and V3 (Schmid et al., 2009). Furthermore, it was recently shown that this persistent activity as well as the monkeys’ residual visually based detection performance (“blindsight”), are mediated by inputs from the lateral geniculate nucleus (Schmid et al., 2010). An fMRI study in a human subject with hemianopia following area V1 injury also reports that visually driven activity persists in areas V2, V3, and V3A, arguing that this is likely the result of cortical reorganization (Baseler et al., 1999).

Although literature suggests that extrastriate cortex has the capacity for reorganization after V1 lesions, the question of what happens after retinal lesions remains open. It is possible that extrastriate cortex has different capacity for reorganization depending on the mechanism of deafferentiation (retina vs. V1). For one, subcortical pathways are thought to mediate the activity of areas V2 and V3 in the absence of V1 input in the case of V1 lesions (Schmid et al., 2010). Reports from the literature of “filling-in” studies suggest that in higher areas, under the right conditions, visual responses can be seen in cortical locations that are far away from the visual stimulus (Williams et al., 2008; Liu et al., 2010). For example, De Weerd et al. (1995) showed that the responses of extrastriate V2/V3 neurons whose receptive fields are contained inside an area devoid of visual stimulation (artificial scotoma) increase within seconds to reach a level comparable to that elicited by direct visual stimulation. Activation and perhaps enhancement of these pathways may be able to support reorganization.

In a recent case study on a juvenile macaque monkey with congenital dense bilateral macular degeneration (Shao et al., 2013), we reported that extensive reorganization was seen in area V5/MT. Here, we extend these results by using fMRI to study whether areas V2/V3 reorganize following bilateral homonymous retinal lesions induced by photocoagulation in adult macaques. The substantial topographic reorganization of V2/V3 demonstrated here is markedly different from previous findings in V1 of the same animals, which showed minimal, if any, reorganization following retinal lesions (Smirnakis et al., 2005). We argue that, in contrast to area V1, significant reorganization occurs in area V2/V3 under these conditions.



MATERIALS AND METHODS


Subjects

Four healthy adult Macaca mulatta (M1, M2, M3, and M4) were used for these experiments. The data from these experiments have also been used in a previous study that examined reorganization in area V1 (Smirnakis et al., 2005). The experimental and surgical procedures were performed with care, in full compliance with the German Law for the Protection of Animals, the European Community guidelines for the care and use of laboratory animals (EUVS 86/609/EEC), and the recommendations of the Weatherall report for the use of non-human primates in research. The regional authorities (Regierungspräsidium Tübingen) approved our experimental protocol and the institutional representatives for animal protection supervised all procedures.

The monkeys were anesthetized during the fMRI experiments. Details on the anesthesia protocol have been given previously (Logothetis et al., 1999). Briefly, the animals were intubated after induction with fentanyl (31 μg/kg), thiopental (5 mg/kg) and succinylcholine chloride (3 mg/kg); anesthesia was maintained with isoflurane (M2 and M4) or remifentanyl (0.5–2 μg/kg/min, M1 and M3). Mivacurium chloride (5–7 mg/kg/h) was used after induction to ensure the suppression of eye movements. Heart rate and blood oxygen saturation were monitored continuously with a pulse-oxymeter. Body temperature was kept at 38–39°.

Homonymous retinal lesions were induced by using a photocoagulation laser (NIDEKGYC-2000; 532 nm) under general anesthesia (Figure 1A) as described in Smirnakis et al. (2005). Histological results confirmed that the photoreceptor and bipolar cell layers as well as most of the ganglion cell layer of the extrafoveal retina were destroyed (Figure 1B). Histological confirmation was obtained in two of the four animals. Animal fundi were photographed in each experimental session, and we confirmed that all lesions remained stable throughout the course of the experiments (see Smirnakis et al., 2005 for the details).
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FIGURE 1. (A) Retinal lesion. The right retinal fundus 1–2 h following photocoagulation. The lesion appears pale white. Note that a corresponding lesion was made on the other side of the fovea in the left eye resulting in a homonymous left visual field scotoma (data not shown). Visual stimulation was always presented monocularly, on the right eye for this monkey, thus avoiding activity changes that may be due to potential eye misalignment. (B) Haematoxylin-eosin stain of a 15 μm thick section through the lesion in the right eye, where the visual stimulus was presented. Note the complete destruction of the photoreceptor layer, and the near complete destruction of the inner nuclear and ganglion cell layers (see Figure 1 in Smirnakis et al., 2005 for a full description).




Stimuli

Stimuli were presented monocularly, at resolution of 640 × 480 pixels with a 60 Hz frame rate using an SVGA fiber-optic system (AVOTEC). Stimuli were centered on the fovea by using a modified fundus camera. Animals were fitted appropriate lenses to ensure the stimulus remained in focus. Standard expanding ring stimuli (outer radius expanded from either 0.3° or 0.9°–6.9° in steps of 0.6°, i.e., 12 or 11 annuli, frame interval = 6 s) and rotating wedge (90° wedges rotated in steps of 30°, i.e., 12 annuli, frame interval = 6 s) were presented to the subjects monocularly, always in the same eye for each animal. The full retinotopic maps were obtained pre-lesion but after lesioning only the eccentricity maps were followed to maximize repetitions and the signal to noise ratio of our measurements. The first measurement was obtained on the day of the lesion. The earliest subsequent measurement was obtained 14 days later to comply with the accepted animal protocol and allow for retinal recovery (Smirnakis et al., 2005).

One important control condition involved presenting the same expanding ring stimuli to the subjects and at the same time occluding a region in the normal half of the visual field. This region was designed to mirror the approximate location of the retinal lesion. We refer to this as the “artificial scotoma” (AS) condition. For all four subjects, the ASs were centered at (3.7°, 0) or (–3.7°, 0), on the opposite side of the scotoma resulting from the retinal lesion, and had a diameter of 3.7°.

FMRI experiments were performed on a 4.7T vertical scanner (Bruker Biospec, Bruker Biospin GmbH, Ettlingen, Germany). Multi-slice fMRI was performed by the use of 8 segmented gradient-recalled echo-planar imaging (EPI). The acquisition parameters were TE = 20 ms, TR = 750 or 805 ms, flip angle = 40°. Either 15 or 17 axial slices were collected at 1 × 1 mm2 in-plane resolution and 2-mm thickness. A full-brain anatomical scan was acquired before lesioning at 0.5 × 0.5 × 0.5 mm3 resolution for co-registration with the EPI images by using an MDEFT sequence (Logothetis et al., 1999; Keliris et al., 2007).



Data Analysis

FMRI data were reconstructed and imported into a MATLAB based toolbox (mrVista)1 (Amano et al., 2009; Levin et al., 2010). The gray-white matter boundary was manually segmented using itkGray from the high resolution 3D-MDEFT anatomical images, and 3D cortical surface and flat mesh models were created and realigned with the functional data by using mrMesh/mrVista (Wandell et al., 2000).

In a typical experiment 5–10 repeats of the expanding ring and rotating wedge stimulation paradigm were performed and the average BOLD signal time course was generated. To obtain the retinotopic maps we have used the traveling wave method (Engel et al., 1997). The strength of the visual modulation was assessed using the measure of coherence, computed with the expanding ring stimuli. Coherence is defined as the BOLD signal spectral amplitude at the stimulus presentation frequency (12 or 11 cycles per scan in our experiments) divided by the average square root of the power over a range of nearby frequencies (Smirnakis et al., 2005). Normalized coherence was defined by dividing the coherence with the average coherence in a corresponding ROI in the contralateral (intact) hemisphere on the same day; this can account for variability across scanning days. The retinotopic maps were then fitted into a template of expected eccentricity and angle maps (atlas fitting) (Dougherty et al., 2003). During this procedure, the four sides of the visual field map, from fovea to periphery and from upper to lower vertical meridian were defined manually by simultaneously looking at angle and eccentricity gradients and were found to obey expected anatomical landmarks. For example, the dorsal V1/V2 border was confirmed to lay ∼2 mm from the lip of the lunate, the ventral V1/V2 border along the inferior occipital sulcus (Brewer et al., 2002), and the dorsal V2/V3 boundary at the bottom of the lunate sulcus. The calcarine sulcus was at ∼6.5° eccentricity as reported in Gattass et al. (2005). The fitting algorithm deforms these templates to match the eccentricity and angle data, allowing local deformations but no tears or folds in the atlas. The atlas with the least error compared with the data was generated, following (Dougherty et al., 2003). Visual inspection confirmed no major errors.



Definition of the V2/V3 Lesion Projection Zone

To find the V2/V3 LPZ we performed the following steps: (1) we selected V1 voxels with coherence below threshold. The value of 0.28 was chosen as a threshold based on the expected value of coherence in the absence of visual modulation that depends on the bandwidth (Δf = 12 cycles; thr = 1/(Δf + 1)0.5 = 0.28). This is a very conservative threshold for selecting the V1 LPZ as it equals the expected noise level ignoring its variability and thus selects the core of the V1 LPZ. Then, the voxels below threshold were merged to define the V1 LPZ (Figures 2C,D). Note that the area V1 LPZ has been shown to remain unchanged over time in this data set (Smirnakis et al., 2005), (2) we fitted the pre-lesion eccentricity and polar angle maps into an atlas per monkey using the process described in Dougherty et al. (2003), and (3) based on the pre-lesion retinotopic atlas-fit, the voxels in V2/V3 that corresponded retinotopically to the voxels belonging to the V1 LPZ, to within 0.05° of eccentricity and polar angle (on the atlas) were selected. These selected voxels were highly clustered and continuous inside the dorsal and ventral V2/V3. They were then merged to define the V2/V3 LPZ (Figures 2C,D). Once the V2/V3 LPZ was identified on the anatomical template, all quantitative analysis was done on the original data derived from voxels located inside the anatomical region corresponding to the LPZs. For each monkey, we followed the same procedure in order to define the artificial scotoma projection zones (ASPZ) in areas V1 and V2/V3 on the non-deafferented hemisphere (ipsilateral to the scotoma). Note that the monkeys were always scanned in the same position with the help of implanted fMRI-compatible headposts, and that the LPZ was defined on the high-resolution anatomical scan that serves as a template for aligning the functional data. These procedures assured we could follow the activity of the same anatomical region over time.
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FIGURE 2. Pre-lesion retinotopy and LPZ definition. (A) Polar angle and (B) eccentricity functional activation maps obtained pre-lesion and overlaid on the flattened representation of early visual cortex in monkeys M1, M2, M3 and M4. (C) Normalized coherence maps of the hemispheres affected by the retinal lesion, obtained on the day of the lesion (D1) and (D) at least 14 days post-lesion using the ring stimulus (14 days post-lesion for monkeys M1, M3 and M4, 62 days post-lesion for M2). The V1 LPZs were selected directly based on the coherence maps (see section “Materials and Methods”). V2v/V3v and V2d/V3d LPZs were defined on the atlas fit of the pre-lesion retinotopic maps (Dougherty et al., 2003), by extracting voxels in areas V2 and V3 with similar eccentricities and polar angles as voxels in the V1 LPZ (see section “Materials and Methods”). The color map of coherence is normalized with respect to the average coherence across the voxels of an approximately iso-angular non-deafferented area V2 ROI (solid black line segment). The V1/V2 and V2/V3 borders and the V1 horizontal meridian are shown as dashed lines.





RESULTS


Identification of the Lesion Projection Zones

Before lesioning the retina, retinotopic maps were measured using standard expanding rings and rotating wedge stimuli (see section “Materials and Methods”; Engel et al., 1997; Baseler et al., 1999). As shown in Figures 2A,B, all subjects showed normal retinotopic organization. The V1/V2 and V2/V3 borders were identified by the location of the vertical and horizontal meridians, respectively (Figure 2A). The border location was confirmed anatomically, as the macaque visual area boundaries have stereotypical anatomical locations (see section “Materials and Methods”).

Following a homonymous retinal lesion, parts of the visual cortex become deafferented (Heinen and Skavenski, 1991; Yinon et al., 1993; Smirnakis et al., 2005; Giannikopoulos, 2006). This results in a series of LPZs, one per retinotopic visual area. Identifying the LPZ of V1 is relatively straightforward given that, according to its role as primary visual cortex, V1 is receiving input from the lateral geniculate nucleus, it has relatively small receptive field sizes. In addition, a major part of central V1 which encompasses the LPZ in our study is exposed on the relatively flat operculum. On the contrary, identifying the LPZs in higher visual areas such as V2/V3 is more challenging given their anatomical location, receptive field sizes, and fewer numbers of voxels. Our goal was to define the LPZ in areas V2/V3 and follow how the strength of its visual modulation changed over time. Note that given that these areas share the horizontal meridian their LPZs are expected to be joined and dissected by the horizontal meridians and moreover to be positioned along the V2-V3 border both dorsally and ventrally. In order to determine a stable and appropriate LPZ for our V2/V3 analysis, we used the LPZ retinotopic coordinates carefully identified in V1 to guide our identification of the V2/V3 LPZ, instead of attempting to define the V2/V3 LPZ based on activity levels in the region which are expected to be variable over time. Importantly, because the areas V2/V3 have larger receptive fields in comparison to V1, this V2/V3 LPZ region is expected to be larger than the absolute V2/V3 LPZ. To this end, to be able to estimate the extent of this activity we have also used the stimuli that included an artificial scotoma in the healthy hemisphere and evaluated the timecourse of activity within the V2/V3 artificial scotoma projection zone (ASPZ) defined in an identical way as the V2/V3 LPZ.



Visual Modulation Inside the V2/V3 Lesion Projection Zone

The retinal lesion crosses the horizontal meridian and so the V2/V3 LPZ is split into two parts, one across the ventral and the other across the dorsal V2/V3 border (Figure 2C). From the coherence maps (Figure 2C) it is evident, as we expected, that even on the day of the lesion (D1), the V2/V3 LPZs are, on average, significantly visually modulated. Therefore the V2/V3 LPZ appears to receive visually modulated input outside the retinotopically corresponding V1 LPZ, which shows no significant visual modulation over its entire extent (Smirnakis et al., 2005). The average fraction of voxels inside the V2/V3 LPZ that were visually modulated (> 2 standard deviations above noise level; note that this is a conservative definition of modulated voxels inside an area that was defined based on V1 LPZ selected with a threshold at noise level) on the day of the lesion (D1) was 50.4 ± 12% (standard deviation across subjects). This was consistent with observations made in the artificial scotoma (AS) control condition: the average fraction of voxels that were visually modulated inside the ASPZ was similar at 53.5 ± 10% (standard deviation, Figure 3).
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FIGURE 3. Coherence evaluation inside the artificial scotoma projection zone (ASPZ). (A) Normalized coherence maps of M3 V2d/V3d ASPZ are presented on the flattened healthy hemisphere. (B) Evaluation of the normalized coherence values across all subjects M1-M4 and time [Pre-lesion (PRE), lesion-day (D1), and fourteen days after lesion (D14)] in the ventral and dorsal V2/V3 ASPZ. The two panels on the left present data from the complete ASPZ while the two on the right data from the center of the ASPZ. Kruskal-Wallis tests revealed no significant differences of the normalized coherence over time in all cases.


Importantly, in addition to the voxels that were visually modulated immediately after the lesion, a fraction of voxels that were not significantly modulated on the day of the lesion (D1) recovered the ability to be visually modulated by day 14 post lesion (D14+, Figure 2D and Supplementary Figure 1). Figure 4A, top row, plots the percent modulation of the BOLD signal as a function of the stimulus cycle of voxels taken from monkey M1’s V2v/V3v LPZ with low coherence (< 2 standard deviations above noise level) on the day of lesion. Note how the strength of the visual modulation initially drops following the lesion (D1) but then recovers over time from day 1 (D1) to day 14 (D14). The same result is also demonstrated in Figure 4A, bottom row, which shows the signal amplitude as a function of temporal frequency for the same voxels and the modulations of spectral peak at the stimulus frequency (12 cycles/scan).
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FIGURE 4. Longitudinal changes in the strength of visual modulation inside the V2/V3 LPZ. (A) Top row: Percent BOLD signal modulation as a function of stimulus cycle from voxels inside the V2v/V3v LPZ of M1 with low coherence (< 2 standard deviations above noise level on day 1), plotted pre-lesion (PRE) and on days 1 (D1) and 14 (D14) post-lesion. Bottom row: Average signal amplitude as a function of temporal stimulation frequency (12 cycles per scan, indicated by the red color). Note that the strength of the visual modulation recovers over time. (B) Distribution of normalized coherence values (see section “Materials and Methods”) for all functional voxels inside the V2v/V3v and V2d/V3d LPZs pre-lesion and at D1 and D14+ post-lesion histogrammed across all monkeys. Note that the number of voxels with low coherence inside the V2/V3 LPZ increases on the day of the lesion, then appears to substantially recover by D14+. (C) Mean normalized coherence across all functional voxels inside the V2v/V3v and V2d/V3d LPZ pre-lesion, as well as D1 and D14+ following the lesion, plotted across all monkeys. One–way ANOVA shows a significant effect for both LPZ’s over time (F = 76.48, p < 10–8 for V2v/V3v LPZ and F = 11.45, p < 10–5 for V2d/V3d LPZ). Tukey post hoc pairwise comparisons show that the strength of visual modulation dropped significantly on Day 1 compared to pre-lesion values, and then rose again significantly from Day 1 to D14+ post-lesion in both the ventral and the dorsal LPZ. Error bars represent s.e.m. *p < 0.05. (D) Mean normalized coherence across the voxels inside the V2v/V3v or V2d/V3d LPZ that were either within 2 standard deviations of noise level (LPZ center) or greater (Outside) on day 1 (lesion day; see section “Materials and Methods”) is plotted as a function of time across animals. Error bars represent s.e.m. *p < 0.05. Note that the mean coherence drops on the day of the lesion (D1) and then increases over time following the lesion (M2-3 and M4-5 refer to months after the lesion). This agrees with (B,C), which represent the aggregate response across all animals.


To better understand the reorganization of responses across days, we compared the distribution of coherence values measured across all the LPZ voxels pre-lesion (PRE) with the distribution on the day of the lesion (D1) and 14 days post-lesion (D14+) (Figure 4B). Because the overall level of the BOLD signal can fluctuate on different measuring sessions, the coherence of each voxel inside the LPZ was expressed as a fraction of the average coherence computed across all voxels within an iso-angular ROI (see Figures 2C,D) from a non-deafferented region of V2 in the same hemisphere (normalized coherence). Note that the distribution of normalized coherences derived from all voxels inside the V2/V3 LPZ (Figure 4B) shifts initially toward lower coherence values on the day of the lesion (D1) but returns close to pre-lesion levels 14 days later (D14+). One way ANOVA tests were performed comparing average normalized coherence over time (PRE, D1 and D14+) across all the V2v/V3v and V2d/V3d LPZ voxels in all 4 monkeys. There were significant differences of coherence over time in both the dorsal and ventral LPZ (F = 76.48, p < 10–8 for V2v/V3v LPZ and F = 11.45, p < 10–5 for V2d/V3d LPZ). Statistics were performed using the functional voxels (a total of 58, 45 voxels for the V2v/V3v and V2d/V3d LPZ, respectively, across all monkeys). Tukey post hoc pairwise comparisons showed significant differences between the mean level of coherence pre-lesion (PRE) and day 1 (D1), D1 and day 14 (D14+) for both LPZs, as well as the differences between PRE and D14+ for V2d/V3d LPZ (p < 0.05; Figure 4C). In fact, the number of voxels with low coherence inside the V2/V3 LPZ also changes following the lesion. The average fraction of voxels inside the V2/V3 LPZ that had low coherence (< 2 standard deviations above noise level) across subjects was 14.1 ± 8% (standard deviation) pre-lesion, increased to 49.6 ± 12% on D1, and dropped back to 14.8 ± 9% on D14+, close to pre-lesion levels.

To study how the strength of visual modulation inside the LPZ of area V2/V3 evolves over time, we focused on voxels in the center of the V2/V3 LPZ whose absolute coherence was low on day 1 (D1) following the lesion (< 2 standard deviations above noise level). For the sake of comparison, the coherence of each voxel in the LPZ was normalized by the average coherence across voxels of the non-deafferented control V2 ROI as described before (see Figure 2). As shown in Figure 4D, the mean coherence of these voxels was high pre-lesion, dropped on the lesion day, increased markedly as early as 2 weeks after the lesion and then remained approximately at the same level over time. In contrast, the same analysis in control voxels outside the V2/V3 LPZ did not show any significant changes in coherence levels (Figure 4D). Overall, for all four subjects, we found that the strength of the visual modulation inside the V2/V3 LPZ increased over time following the lesion, arguing for potential reorganization in area V2/V3. This contrasts with the case of the V1 LPZ where the signal dropped to noise levels following the lesion and did not change significantly over time (Smirnakis et al., 2005).



Eccentricity Map Changes in V2/V3 Lesion Projection Zone

The next step was to look for the source of the input leading to the increase in visual modulation inside the V2/V3 LPZ over time. Although part of the sensory input of the voxels inside the LPZ has been cut off because of the retinal lesion, neurons inside the LPZ may still receive input from visual field locations that are outside the border of the scotoma (Barton and Brewer, 2015). To test this, we compared the range of eccentricities of the voxels inside the V2/V3 LPZ before and 14 days after the lesion. We focused on the voxels whose strength of visual modulation recovered as a function of time following the lesion. Such voxels had low coherence (< 2 standard deviations above noise) on D1, but were modulated above noise level both before and 14 days following the lesion. For each subject, we performed the eccentricity analysis in the dominant (largest) V2/V3 LPZ, dorsal or ventral. This was compared to controls (Figure 5A) from an approximately iso-angular non-deafferented area V2 ROI in each subject (see Figure 2). Eccentricity measurements in control ROIs (Figure 5A) demonstrate the reliability of this analysis. As expected, all control ROIs showed strong correlation between eccentricities measured pre-lesion and on day 14, with slopes near one (b = 1.54, 0.98, 0.71, 0.94; R2 = 0.91, 0.93, 0.79, 0.86; p < 10–7 for M1, M2, M3 and M4, respectively, illustrated in dashed lines). Figure 5B presents the eccentricity scatter plots of voxels inside the dominant V2/V3 LPZ before and after the lesion. Voxel eccentricities pre-lesion were significantly correlated with eccentricities measured on day 14 in 3 out of 4 subjects, but slopes were significantly smaller than one (b = 0.14, 0.28, 0.52; R2 = 0.17, 0.22, 0.67; p < 0.01 for M1, M3, and M4, respectively, and b = –0.05, R2 = 0.0084, p = 0.56 for M2; illustrated in dashed lines). Overall, the eccentricities inside the LPZ span a wider range following the lesion compared to pre-lesion for each subject. Voxels with small eccentricity pre-lesion tend to have smaller eccentricity after the lesion, while voxels with large eccentricity pre-lesion tend to have larger eccentricity after the lesion. This suggests that neurons inside the LPZ may regain their activity by receiving input either from the foveal or the peripheral border of the LPZ, depending on which one is closer.
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FIGURE 5. Eccentricity profile of V2/V3 LPZ. (A) Scatter plots of pre-lesion vs. post-lesion (day 14) eccentricities of voxels inside a control, non-deafferented, area V2 ROI (see Figure 2) near the V2/V3 LPZ border. Note that the eccentricities were mainly unchanged pre- and post- lesion (control). (B) Similar scatter plots of the voxels belonging in the dominant (largest) V2/V3 LPZ of each monkey. Note that eccentricities inside the LPZ span a wider range following the lesion, with eccentricities that started low tending to become lower and eccentricities that started higher tending to become higher. This suggests that lateral inputs are likely responsible for the activation of the V2/V3 LPZ region.





DISCUSSION

This study analyzed the potential for reorganization in areas V2/V3 of the macaque following retinal lesions. In contrast to our previous findings in area V1 of the same animals that demonstrated no visually driven activity inside the V1 LPZ after the lesion (Smirnakis et al., 2005), here we found that the LPZs in areas V2/V3 could be visually modulated already at the first post-lesion imaging time point, 2–6 h following retinal photocoagulation. Given our derivation of the V2/V3 LPZs based on the V1 LPZ, we expected a priori to observe some visual modulations inside it given the larger receptive field sizes of areas V2/V3. However, we observed that approximately ∼50 ± 12% (standard deviation) of the voxels inside the V2/3 LPZ were visually modulated 2–6 h post-lesion. Notably, a similar fraction of visually modulated voxels was observed inside the V2/V3 projection zone of the artificial scotoma control condition (ASPZ). We conjecture that the surprisingly large extent of visual modulations we observed at this short time scale may indicate that additional factors may play a role. For example, our observations are consistent with De Weerd et al. (1995), who showed that multi-unit activity can be elicited in area V2 and V3 but not area V1 locations, if distant surround is visually stimulated. A dynamic change in the balance between excitation and inhibition affecting the range over which receptive fields receive inputs may be the cause of this relatively rapid adaptation (Knierim and van Essen, 1992). Given its rapid time course, this phenomenon is likely to be mediated by pre-existing wiring, although we cannot exclude conclusively the possibility that plasticity mechanisms operating over the course of several hours may play a role.

Our results show that, over longer time periods, V2/V3 has a noticeable capacity for reorganization. Overall, the great majority of the V2/V3 LPZ voxels that do not show visual modulation on the day of the lesion (D1) can be visually modulated 2 weeks later. The mean coherence of V2/V3 LPZ voxels whose activity drops hours after the lesion (D1) increases markedly by 2 weeks post-lesion and remains approximately at the same level thereafter (see Figures 4C,D). In marked contrast, visually driven activity does not recover inside the area V1 LPZ, whose border remains stable to within 1 mm (Smirnakis et al., 2005). Therefore, the increase in the strength of visual modulation inside the V2/V3 LPZ is unlikely to be caused by area V1 recovery or even by significant retinal surround recovery, which presumably would first leave a signature in area V1.

Figure 5B suggests that following the retinal lesion, the eccentricities of visually modulated voxels inside the V2/V3 LPZ span a wider range than pre-lesion. The form of the eccentricity change suggests that neurons inside the LPZ may reorganize by receiving intra-areal input either from the foveal or the peripheral border of the LPZ, depending on which one is closer. It is likely that this plastic reorganization is mediated by local cortico-cortical connections between the V2/V3 LPZ and its surround. Strengthening of projections from the surround of the V1 LPZ to area V2 may also play a role. We believe that similar processes likely operate along iso-angular lines. However, since we followed reorganization just by using expanding/contracting ring stimuli, we cannot definitively prove this.

Subcortical projections from the surround of the retinal lesion itself are not likely to play a major role (although that possibility cannot be completely ruled out), as they would first be expected to influence the extent of the V1 LPZ, which does not change. Moreover, this is supported by prior work by Schmid et al. (2010) who studied area V2 activity within the LPZ induced by area V1 lesions. Specifically, Schmid et al. (2010) showed that the activity that returns within the LPZ in V2 following area V1 lesions is mediated primarily by inputs from the LGN, since lidocaine infusions in LGN completely abolished visual modulation in the V2 LPZ. In this case inputs from the retina to the SC and Pulvinar to V2 are presumably intact but they do not seem to contribute. Although in our case we induced retinal rather than V1-lesions (retinal lesions would impair at least part of the projection to SC and pulvinar), we suspect that this reasoning still applies making it unlikely that the Pulvinar or the SC are the source of the recovery of visual modulation inside the V2 LPZ. One might wonder whether filling-in of the LGN LPZ from the intact retina surrounding the lesion could play a role, but we consider this also to be unlikely because in this case we would have expected the V1 LPZ to exhibit significant filling-in. Trans-callosal connections between retinotopically corresponding locations across hemispheres are also unlikely to play a major role as: (1) one would expect the range of eccentricities represented inside the LPZ to approximately match the pre-lesion values, which is not the case (Figure 5B), and (2) in some of the experiments an artificial scotoma was presented on the side contralateral to the actual scotoma, depriving the contralateral cortex from retinotopically corresponding visual input. Scenarios involving higher areas and pathways involving feedback are also unlikely as the monkeys were under anesthesia during the experiments.

To address potential effects of anesthesia influencing the experimental findings, care was taken for the conditions of anesthesia to be stable across the experimental time points. Moreover, the stability of the border of visual evoked activity in area V1 across time provides an additional validation of the stability of anesthesia and indicates that any variability in the conditions of anesthesia was not able to modulate cortical activity differentially across time points (Smirnakis et al., 2005). On the other hand, there is a possibility that the effect of anesthesia might underestimate the degree of the return of visually driven modulation we describe.

The recovery from retinal stunning due to photocoagulation in not likely to contribute to the activity in the V2/V3 LPZ we measured at D14+. Were the retinal recovery from stunning to be a major contribution to the recovery seen, one would have expected to see a change in the border of the LPZ in area V1 also, since this is the first relay of information from retina to the cortex (through LGN). Since this was not observed (Smirnakis et al., 2005), it is unlikely that retinal recovery can be the cause of the observed recovery in area V2.

It is interesting to speculate on the difference between V2/V3 reorganization following a retinal lesion vs. following an area V1 lesion (Schmid et al., 2009). In the retinal case, activity inside V2/V3 LPZ returns to nearly normal levels (Figure 4C). By contrast Schmid et al. (2009) showed that visual modulation strength in area V2/V3 following a V1 lesion returns to only ∼20–30% of prior activity levels and depends mostly on subcortical projections from the LGN (Schmid et al., 2010). This difference is surprising in view of the fact that retinotopically corresponding parts of area V2/V3 were visually deprived in both cases, and V2/V3 LPZ size was commensurate in both studies. This suggests that the existence of healthy V1 cortex and its upstream connections may be important for potentiating part of the reorganization seen in extrastriate areas after retinal lesions. Another possibility is that the surgery to lesion area V1 (Schmid et al., 2009, study) might have injured some of the subcortical en-passant fibers targeting V2, thereby limiting the potential recovery in this case. Alternatively, the existence of functional retinotopically corresponding subcortical inputs, which are preserved in the case of the V1 lesion but silenced in the case of the retinal lesion, may limit the ability of lateral intra-areal connections to reorganize.

Human subjects suffering from macular degeneration exhibit perceptual filling-in in their blind visual field as well as an associated distortion of visual space (Gerrits and Timmerman, 1969; Kapadia et al., 1994; Burke, 1999; Zur and Ullman, 2003). It has been argued that primary visual cortex is able to reorganize (Darian-Smith and Gilbert, 1994; Darian-Smith and Gilbert, 1995; Calford et al., 2003) and could provide a contribution to this phenomenon (Gilbert and Li, 2012). However, the degree of V1 reorganization following retinal lesions has been questioned (Murakami et al., 1997; Horton and Hocking, 1998; Smirnakis et al., 2005; Wandell and Smirnakis, 2009), and De Weerd et al.’s (1995) filling-in study in animals with an intact visual system suggests that higher areas may be involved. Our results suggest that adult extrastriate cortex exhibits significant capacity for reorganization following retinal injury, and may potentially contribute to the phenomenon of perceptual “filling-in” in subjects with retinal lesions.
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Random dot kinematograms (RDKs) have recently been used to train subjects with cortical scotomas to perform direction of motion discrimination, partially restoring visual motion perception. To study the recovery of visual perception, it is important to understand how visual areas in normal subjects and subjects with cortical scotomas respond to RDK stimuli. Studies in normal subjects have shown that blood oxygen level-dependent (BOLD) responses in human area hV5/MT+ increase monotonically with coherence, in general agreement with electrophysiology studies in primates. However, RDK responses in prior studies were obtained while the subject was performing fixation, not a motion discrimination condition. Furthermore, BOLD responses were gauged against a baseline condition of uniform illumination or static dots, potentially decreasing the specificity of responses for the spatial integration of local motion signals (motion coherence). Here, we revisit this question starting from a baseline RDK condition of no coherence, thereby isolating the component of BOLD response due specifically to the spatial integration of local motion signals. In agreement with prior studies, we found that responses in the area hV5/MT+ of healthy subjects were monotonically increasing when subjects fixated without performing a motion discrimination task. In contrast, when subjects were performing an RDK direction of motion discrimination task, responses in the area hV5/MT+ remained flat, changing minimally, if at all, as a function of motion coherence. A similar pattern of responses was seen in the area hV5/MT+ of subjects with dense cortical scotomas performing direction of motion discrimination for RDKs presented inside the scotoma. Passive RDK presentation within the scotoma elicited no significant hV5/MT+ responses. These observations shed further light on how visual cortex responses behave as a function of motion coherence, helping to prepare the ground for future studies using these methods to study visual system recovery after injury.
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INTRODUCTION

Visual motion perception enables us to navigate the environment and avoid collisions with obstacles. In humans, a cardinal area for motion perception is located in the posterior bank of the superior temporal sulcus (STS) in the dorsal middle temporal cortex (area hV5/MT+) (Huk et al., 2002; Becker et al., 2008; Helfrich et al., 2013).

Random dot kinematograms (RDKs) have been used extensively to study the spatial motion integration properties of visual areas of macaques (Newsome and Pare, 1988; Britten, 1998; Rees et al., 2000) and humans (Rees et al., 2000; Vaina et al., 2001; Muckli et al., 2002; Saionz et al., 2020). RDK stimuli force the visual system to extract the global coherent direction of motion from local motion signals that have to be integrated over space and time (Braddick, 1974; Newsome and Pare, 1988; Watamaniuk et al., 1993; Scase et al., 1996) before motion direction can be perceived. The strength of the motion signal of an RDK is modulated either by changing the fraction of dots that move in the same direction (coherence) among a background of randomly moving dots (Newsome and Pare, 1988) or by narrowing the range of directions of motion that each dot can take from frame to frame (Huxlin and Pasternak, 2004; Huxlin et al., 2009). In translational studies, RDKs are being used for rehabilitation of visual motion perception following visual system lesions and in particular to study the recovery of direction of motion perception following primary visual cortex (V1+) lesions (Huxlin et al., 2005, 2009; Cavanaugh et al., 2019; Barbot et al., 2020; Saionz et al., 2020). It is important to study the response of visual areas to RDK stimuli in healthy humans, as well as in subjects with cortical scotomas at baseline, prior to training, in order to better understand how global motion integration is processed in patients versus normal controls. Furthermore, it is important to study RDK processing under two different conditions, that is, when subjects perform a task related to motion discrimination versus a motion-unrelated task at fixation, as task performance is known to modulate cortical area responsiveness (Huxlin et al., 2009).

Electrophysiological studies in macaques (Allman and Kaas, 1971; Dubner and Zeki, 1971; Rodman et al., 1989; Britten and Newsome, 1998; Priebe et al., 2006) demonstrated that the responses of middle temporal (MT) and middle superior temporal (MST) neurons are tuned to the strength of coherent motion (Heuer and Britten, 2007). Specifically, the firing rate of directionally selective neurons in the area V5/MT increases linearly with RDK coherence (Britten et al., 1993) and is correlated with the strength of the monkey’s direction of motion perception (Newsome et al., 1989; Parker and Newsome, 1998). Neurons in other visual areas show variable responses to the coherent motion of RDKs, with early visual areas including V1 tending to show suppression when RDKs are presented over a large field of view. Functional magnetic resonance imaging (fMRI) has been used to measure the responses of human visual areas to motion coherence with less consistent results. Studies on normal subjects show, as expected, higher blood oxygen level-dependent (BOLD) responses for RDK stimuli with high motion coherence in the area hV5/MT+, especially when these are presented over a large field of view (Rees et al., 2000; Braddick et al., 2001; Becker et al., 2008). However, other reports are conflicting, reporting that hV5/MT+ BOLD responses do not depend on (Beer et al., 2002; Smith et al., 2006) or even decrease with motion coherence (McKeefry et al., 1997; Previc et al., 2000). The response of human visual areas other than hV5/MT+ as a function of coherence is less clear. Rees et al. (2000) report that BOLD response is linear as a function of RDK motion coherence in the area hV5/MT+, whereas higher areas (“kinetic occipital,” V3A, frontal cingulate gyrus) tend to show either non-linear U-shaped responses or negative correlation.

Human fMRI studies typically measure the responses of large populations of neurons with diverse properties (Zeki et al., 1991; Tootell et al., 1995) rather than single cells (Kwong et al., 1992) tuned to the direction of motion and may therefore be more sensitive to the overall state of adaptation and to the brain state of the subject while they are performing a task. Task performance, in part through attention, has been known to modulate neural activity in the visual cortex (Azzopardi and Cowey, 2001), specifically in the dorsal stream including hV5/MT+ (Tootell et al., 1995; Heeger et al., 1999; Saenz et al., 2002; Schoenfeld et al., 2007), and it is natural to ask whether the linear response of area hV5/MT+ to motion coherence is also affected. To explore whether RDK BOLD responses depend (1) on the state of adaptation, that is, the baseline visual stimulus condition from which RDK stimuli of various global motion coherence strength are presented (Tolias et al., 2001), and (2) on direction of motion discrimination task performance, we made two protocol modifications: (1) We measured RDK responses as a function of motion coherence when the subject was performing a direction of motion discrimination task versus when they were simply fixating. (2) We measured the response to coherent motion starting from a baseline state elicited by an RDK of zero coherence rather than a uniform gray screen. Starting from this 0% motion coherence baseline allowed us to map responses selective to the spatial integration of coherent motion signals, as opposed to responses induced by the combined changes in local luminance and motion contrast.

Our results under simple fixation starting from a 0% coherence baseline condition corroborated the result that the area hV5/MT+ activity increases as a function of coherence in agreement with Rees et al. (2000). However, when subjects performed the RDK direction-of-motion discrimination task, coherence dependence was essentially abolished. A similar result was obtained in the area hV5/MT+ of subjects with dense cortical scotomas performing direction of motion discrimination for RDKs presented inside the scotoma, whereas passive RDK presentation within the scotoma elicited no significant hV5/MT+ responses. Our results complement the existing literature and help to inform the design of future RDK mapping experiments to study how visual areas reorganize following visual motion perception rehabilitation in subjects with cortical scotomas.



MATERIALS AND METHODS


Human Subjects

The human experiments consisted of three separate RDKs studies.

Study A: Six healthy subjects with no history of psychiatric or neurological problems were recruited. Two subjects were excluded from the analysis because of significant head motion in the MR environment (>5 mm), which could not be adequately corrected offline.

Study B: For the second study, six more healthy participants who fulfilled our inclusion criteria underwent the experimental procedure.

All the participants for both studies were recruited at the Core for Advanced MR Imaging at Baylor College of Medicine (BCM).

Study C (patients and controls): Patients: Seven subjects (27–64 years old, three females and four males) with visual cortical lesions participated in our study. Six of them were recruited at the Max Planck Institute for Biological Cybernetics (MPI) in Tübingen, Germany, and one at the Core for Advanced MR Imaging of the BCM. Controls: Six healthy subjects were recruited as control subjects. Four of them were scanned at MPI and two at BCM.

All subjects had normal or corrected-to-normal visual acuity. Experiments were done with the approval of the institutional review board committees of BCM and the Regierungspräsidium of the MPI.


Magnetic Resonance Imaging Scans

For studies A and B: Functional and structural scans were performed at the Core for Advanced MR Imaging at BCM, using two 3.0-T MRI scanners (Siemens Ltd., Erlangen, Germany): Allegra and TIM Trio, both equipped with a quadrature 12-channel coil.

T1-weighted high-resolution (MPRAGE) scans, for approximately 7 min each, were acquired twice for signal-to-noise ratio (SNR) reduction [repetition time (TR) = 1,900 ms, echo time (TE) = 2.26 ms, matrix size = 256 × 256 × 192, flip angle = 9, spatial resolution Trio/Allegra = 0.5 × 0.5 × 1.0 mm3/0.96 × 0.96 × 1.0 mm3]. BOLD images were registered onto the anatomical images, which were used to (i) coregister the functional scans to the anatomy of each subject for each session and to (ii) segment each subject’s anatomical data into white and gray matter. Whole-brain T2*-weighted BOLD images were acquired using the single-shot echo planar imaging pulse sequences covering the entire brain (TR = 2,000 ms, TE = 40 ms, matrix size = 64 × 64, voxel size = 3.28 × 3.28 × 3.28 mm3, flip angle = 90°, number of slices Trio/Allegra = 28/29).

For study C: The scans were performed on a 3.0-T Siemens Prisma (at MPI) and Trio (at BCM) (Siemens Ltd.). For each participant (patient or control subject), two T1-weighted anatomical images were acquired (Prisma: voxel size = 1 × 1 × 1 mm3, matrix size = 256 × 256 × 192, flip angle = 9°, TR = 2,300 ms, TE = 2.98 ms, TI = 1,100 ms; Trio: voxel size = 0.5 × 0.5 × 1.0 mm3, matrix size = 256 × 256, 192 partitions, flip angle = 9°, TR = 2,600 ms, TE = 3.5 ms, TI = 1,100 ms). BOLD images were acquired using gradient echo planar sequences with 29 (MPI) and 30 (BCM) contiguous 2.6- and 2.5-mm-thick slices, respectively, covering the whole brain (TR = 2,000 ms, flip angle = 90°, matrix size = 64 × 64, Prisma/Trio TE = 35/30 ms, Prisma/Trio voxel size = 3 × 3 × 2.6/3 × 3 × 2.5 mm3). For each subject, five functional scans were acquired, each consisting of 131 image volumes.



Stimulus Presentation

Studies A and B: Stimuli were projected under photopic conditions onto a rear-projection translucent acrylic screen (DaTex; Da-Lite Corp.) via an NEC GT2150 projector (2500 ANSI Lumens, 1,600 × 1,200 resolution, 120 Hz) controlled by a Macintosh computer and seen through an oblique mirror mounted on the MR head coil. The active visual field subtended approximately 15° in radius. When necessary, subjects were corrected for optimal accommodation using magnet-compatible glasses.

Study C: At the MPI, for stimulus projection, we used MRI-compatible digital goggles (VisuaStim, Resonance Technology Company, Inc., Northridge, CA, United States), with field of view = 30° (horizontal) and 22.5° (vertical), resolution = 800 × 600, mean luminance 5.95 cd/m2. An infrared eye tracker was used to record eye movements (iView XTM; SensoMotoric Instruments GmbH). At the BCM, the stimuli were projected on the same screen as described under studies A and B.

All stimuli were presented under photopic conditions, the dots being dark on the bright background to minimize scattering, and were generated using MATLAB (MathWorks) and the psychophysics toolboxes, Psychtoolbox (Kleiner et al., 2007)1 and Vistadisp, an open toolbox (VISTASOFT, Stanford).2



Stimulus Paradigms


Retinotopic Mapping

Studies A and B: Retinotopic visual field maps were obtained using phase-encoded retinotopic mapping (Engel et al., 1994) with 45° wedges and 1.5° concentric rings, and the borders of the early visual field areas determined according to Wandell et al. (2007). Stimuli were circular with a maximum radius of 12°. A full wedge cycle was completed in 36 s, with a total of six cycles per scan (216 s). For rings, the pattern of the stimulus was moving in repeating cycles from the center to the periphery through eight expansions of 32 s each (256 s). Both rings and wedges had flickering checkerboard patterns at 2 Hz, spatial frequency approximately 1 c/deg, and 100% contrast, and were acquired with TR 2 s. Two to five scans were performed in each stimulus condition (wedge and ring), depending on the subject.

Study C: The stimulus consisted of moving square-checkerboard bars (100% contrast) within a circular aperture with a radius of 11.25° around the fixation point. The bar width was 1.875° and traveled sequentially in eight different directions, moving by a step half of its size (0.9375°) every image volume acquisition (TR = 2 s). The subjects’ task was to fixate on a small dot in the center of the screen (radius: 0.0375°; two pixels) and respond to the color change (red to green) by pressing a button. The color was changing randomly with a frequency of one every 6.25 s.



Functional Localizer for hV5/MT+

Area hV5/MT+ was identified using 18-s blocks that alternated between moving (100% coherence) and stationary dot patterns. To reduce adaptation, the direction of the moving dots changed by 45° counterclockwise. Each scan consisted of either six or eight blocks of moving and static dots, depending on the subject. Each scan’s moving and stationary dot patterns were repeated six to eight times during each functional localizer scan. A total of 48 blocks of moving and static dots were acquired for each subject.

Please note that normal retinotopic mapping based on clusters of activity at the expected anatomical locations was also sufficient for identifying hV5/MT+ and provided a second method for ensuring accurate hV5/MT+ identification. No localizer was used for the scans in study C.



Motion Coherence Paradigm

Study A (subjects did not perform direction of motion discrimination)

Task: During study A, the subjects were instructed to perform a fixation task that did not involve direction of motion discrimination while passively viewing full-field RDKs with different motion coherence. A small dot of 0.15-degree radius was displayed at the center of the visual field to serve as a fixation mark. The color of the fixation point changed between green and red at random times, and the subjects were required to report the color change by button press. All subjects responded correctly for > 96% of fixation color changes, with average response time < 0.6 s.

Stimulus: Dynamic RDKs were generated within a circular aperture (12-degree radius) using the method described by Newsome and Pare (1988). RDK dots were dark, at a density of 2 dots/degree2 and radius of 0.1 degree, and were presented on a gray isoluminant photopic background to minimize light scattering. The random dot pattern was refreshed every 50 ms. A random fraction of the dots was displaced by 0.2° in the same direction (left or right) at a rate of 4°/s, while the remaining dots were replaced by the same number of new dots at random positions. The percent of dots moving in the same direction, that is, the strength of coherent motion signal, varied between 12.5, 25, 50, and 100% in a randomly counterbalanced fashion. Each coherence was presented for 10 s interleaved with 30 s of baseline stimulus at 0% coherence (no correlation among dots). All coherence levels appear for the same total time within each scan. To help subjects maintain a stable level of adaptation to the baseline (0% coherence) stimulus, the 0% coherence stimulus remained on during the whole RDK experiment, except when stimuli with non-zero coherence levels were displayed. Each scan consisted of either two blocks of each of four pseudorandomly interleaved coherence levels (12.5, 25, 50, 100%; subjects 1–3) or four blocks of each of three pseudorandomly interleaved coherence levels (25, 50, 100%; subject 4). Eight (for subject 4) or 10 (for subjects 1–3) scans were performed in a single session (Figure 1A).
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FIGURE 1. Experimental design. (A) Paradigm used in study A. Each motion coherence was presented for 10 s interleaved with 30 s of 0% coherence (no correlation among dots). All coherence levels appear for the same total time in each scan. Each scan either consisted of two blocks of each of four pseudorandomly interleaved coherence levels (12.5, 25, 50, 100%) or four trials of each of three pseudorandomly interleaved coherence levels (25, 50, 100%). Within each block with non-zero coherence, the global direction changed (left vs. right) every 2 s to minimize adaptation. A similar paradigm was used for the monkey experiment except RDK duration was 30 s for all coherences. Black dots represent the group of dots moving in the same direction. (B) RDKs for study B were presented at bilaterally symmetric locations (see section “Materials and Methods”). Coherence alternated between 18 s of baseline of 360° direction-range (no global coherence) followed by 1 s of RDK coherence selected from levels (0°, 180, 288°, 360°). All coherence levels were pseudorandomly interleaved and balanced across blocks and scans. Within blocks, coherent RDKs were presented for 0.5 s for six trials (see section “Materials and Methods”) and directions of motion changed every 2 s, with left and right directions appropriately balanced but presented at random sequence (so subjects could not predict the direction). Subjects were fixating and cued by a change in the color of the fixation spot to report the direction of the stimulus in one hemifield. (C) A similar paradigm to B except now RDKs were presented unilaterally. Motion-discrimination versus no-motion-discrimination sessions were interleaved in the scanner.


Study B (bilateral stimulation; unilateral motion discrimination task performance)

Task: During study B, two RDKs were presented at symmetric positions in the left and right visual fields (Figure 1B), respectively, while the subjects fixated at a central spot and performed a motion direction discrimination task on the right RDK as instructed. Study B was carried out to investigate whether performing an RDK-related task changed the shape of the BOLD response profile as a function of motion coherence.

Stimulus: RDK stimuli for this experiment were derived according to Huxlin and Pasternak (2004) and Huxlin et al. (2009) The parameters were identical to the ones described previously, except that each dot moved following the same rule, and the global motion strength is modulated by means of the choice of the direction range of each dot (Huxlin et al., 2009; Cavanaugh et al., 2015; Saionz et al., 2020). In this design, each dot randomly “picks” a direction evenly distributed around a central direction (left or right moving). For example, when the range of motion for each dot is 360° (2π), the net global directional motion signal is zero. On the other extreme, when the range of motion is 0°, all the dots move toward the same direction, and net global motion is full strength.

The stimuli were two RDKs 6° in diameter, one (task-relevant) centered at (5, 4) and the other (task irrelevant) at (−5, 4), or vice versa. A dot of 0.2 degree in diameter was presented at the center to serve as a fixation spot, as well as instruction cue. Each run consisted of alternating passive fixation period (18 s) and active motion discrimination period (12 s) in the right visual field. During the active motion discrimination period, the fixation spot changed its color from red to green every 2 s, with green indicating the occurrence of global motion (leftward or rightward) that lasted for 0.5 s. The subjects had to report the direction of the perceived motion in the RDK presented in their right visual field by button pressing. For each 12-s period, the motion strength presented in each trial remained the same, whereas the direction of motion varied randomly (leftward or rightward in a balanced fashion). The direction of motion in the left and right RDKs were uncorrelated, but the motion strength (coherence) in both presented RDK patches was the same. Four motion strength levels were tested (360°, 288°, 180°, 0°). During the passive fixation period (RDKs at 0% motion coherence), the fixation spot remained red, and subjects were instructed to passively fixate only, while the stimuli varied identically to the active case. For each scan, each motion strength level was repeated twice, making the total duration of the run 258 s. Each subject underwent 10 scans per session, resulting in 20 repeats per motion strength level.

Study C (unilateral stimulation; motion discrimination versus fixation task)

Task: Study C consisted of an active and a passive task. For both, the subjects had to fixate a dot at the center of the screen. In the fixation task, the color of the fixation dot changed from red to green at random intervals, and the participants had to respond any time there was a change. In the motion discrimination task experiment, participants were still instructed to fixate the dot, but this time, they had to use their peripheral vision to assess the direction of motion of the RDK stimulus. Whenever there was a change in the color of the central dot, they were asked to indicate the motion direction of the stimulus (left or right).

Stimulus: The RDK stimulus used here was similar to study B, except that RDK dots were moving slightly faster at 10°/s (vs. 4°/s in B); the RDK aperture was presented unilaterally, either at the left or right upper quadrant of the visual field (counterbalanced), centered at 4° from the vertical meridian and 3° or 4° above the horizontal meridian with an aperture diameter of 4° or 5°, respectively (for the controls) (Figure 1C).

For each patient, the aperture location and diameter were adjusted in order to fall within their visual field scotoma (S15: center = [5°, 4°], diameter = 5°, S29: center = [5°, 4°], diameter = 6°, S12: center = [5°, 4°], diameter = 7°, V1003: center = [5°, 4°], diameter = 5°, S07: center = [7°, 4°], diameter = 5°, S04: center = [8°, 4°], diameter = 3°, S02: center = [3°, 3°], diameter = 5°, where [x, y] = x° from the vertical meridian and y° from the horizontal meridian). Four motion coherence levels (360°, 288°, 180°, 0°) were presented as in study B, where, again, the direction of motion range at 360° corresponded to the baseline condition (no coherence).

For the control subjects, the aperture was presented either at the left or right upper quadrant of the visual field and was centered at 4° from the vertical meridian and, depending on subject, 3° or 4° from the horizontal meridian with an aperture diameter of 4° or 5°, respectively.

Selecting dot speed: Regarding the selection of dot speed, we followed the parameters used by Newsome and Pare (1988). In their article, Figure 4 shows that maximum discriminability occurs for dot speeds ranging from 4°/s to 12°/s. Both dot speeds we chose (4°/s for studies A and B and 10°/s for study C) fall squarely within this range. Interestingly, there appears to be a disparity between the dot speed required for optimal behavioral performance and the speed at the peak of the MT neuron tuning functions (the latter is higher). For our study, we chose the dot speeds that favor optimal behavioral performance. The fact that MT neuron tuning functions are fairly broad (e.g., Maunsell and Van Essen, 1983; Britten and Newsome, 1998) and their response to RDK stimuli requires spatial summation, in part, may explain the observed disparity.



Patients’ Anatomical Lesions and Visual Field Tests

All patients had ischemic or hemorrhagic strokes 7–10 years prior to enrollment. These resulted in dense (visual sensitivity < −20 dB) homonymous visual field deficits within either one or two quadrants of the visual field. MRI anatomical images confirmed the location and extent of the injuries (Figure 2A). In more detail, patient S02 had a left temporal and partial parietal optic radiation injury due to an infarct of the right midposterior temporoparietal lobes. Patients V1003 and S29 had right and left homonymous hemianopia, respectively. Patient S04 had a lesion in the right hemisphere that involved part of the foveal V1v, V2v, and V3v, resulting in a dense left upper visual field quadrant scotoma. The lesion of patient S07 was located in the left inferior calcarine cortex, involving areas left V1v and V1d, left V2v, left V3v, and left V4, resulting in a right homonymous superior quadrantanopic defect. Patient S12 had a lesion in the right inferior calcarine sulcus, involving part of area V1 and visual areas V2v and V3v. Finally, patient S15 had a left temporal optic radiation infarction causing a dense right upper visual field quadrant defect. V1 gray matter remained intact, but a part of it lost its input.
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FIGURE 2. Humphrey’s visual field perimetry test and lesions’ location. (A) Sagittal anatomical planes of patients’ brains. The red arrows point to the location of individual’s anatomical lesions. (B) Subjects S02, S04, S07, S12, S15, and S29 underwent a 10-degree (10-2) and V1003, a 30-degree (30-2) Humphrey’s perimetry test. The black squares in the pattern deviation probability plots correspond to p < −20 dB. Dotted squares correspond to < −10 dB of visual sensitivity. The rest of the locations (small black dots) indicate the non-affected (normal) visual field.


Patients S02, S04, S07, S12, S15, and S29 visual field defects were assessed with a Humphrey-type (10-2) visual field test (Beck et al., 1985; Trope and Britton, 1987) with a (low photopic) background luminance level of 10 cd/m2 (Figure 2B). The visual field defects of these patients were also verified using a binocular semiautomated 90° kinetic perimetry obtained with the OCTOPUS 101-perimeter (HAAG-STREIT, Koeniz, Switzerland) (Hardiess et al., 2010). Patient V1003 underwent a Humphrey-type (30-2) visual field test.





Monkey Experiment

We mapped motion coherence responses in the area V5/MT+ of one rhesus macaque that was trained to fixate. Here, instead of the BOLD signal, we measure modulations in cerebral blood volume (CBV) as a function of RDK motion coherence. To this end, before each scanning session, we injected the monkey with 10 mg/kg MION (monocrystalline iron oxide nanoparticle) (Leite et al., 2002; Leite and Mandeville, 2006). Whole-brain images (TR = 2,000 ms) at 1-mm isotropic resolution using a four-channel phased-array surface coil, with the AC88 gradient insert to increase the spatial resolution, were acquired at 3 T (Siemens Trio at Charlestown Facility, Massachusetts General Hospital, Boston, MA, United States). Fifty slices were acquired using a GE-EPI-T2* functional imaging sequence at TE/TR = 19/2,000 ms, 96 × 84 matrix, 90° flip angle. The monkey was required to fixate, while its eye movements were monitored, using an ISCAN Infrared eye tracker (ISCAN, Burlington, MA, United States).

Stimulus: An RDK was constructed as described above (study A) according to the method of Newsome and Pare (1988) with a dot density of 1.7/degree2 and dot size (radius) 0.1 degree. This was presented through a central field-of-view ring-like aperture extending from 1 to 12 degrees. The monkey maintained fixation within a 2 × 2 degree fixation window. Dots were dark on a bright background to minimize scattering. Coherent dot displacement was 0.2° every 50 ms in the horizontal direction, while the direction of the dots was reversed every 5 s to minimize adaptation. A 0% coherence background of RDKs was presented for 30 s, alternating with 30 s of RDK stimuli of different motion coherences (12.5, 25, 50, 100%), pseudorandomly interleaved in a block design (Figure 1A). The mean percent BOLD signal modulation greater than the 0% coherence condition was computed for the retinotopically corresponding portions of the V1, V2, V3, V3A, V5/MT, FST, and MST areas.




ANALYSIS

Studies A and B: FMRI data were preprocessed in AFNI (Cox, 1996) and then analyzed with custom MATLAB codes. Segmentation of gray from white matter was performed, and cortical surface reconstruction was carried out with FreeSurfer3 using the high-resolution T1-weighted images obtained in the Trio/Prisma scanners. The surface reconstruction algorithm removed extracerebral voxels via a skull stripping routine, which results in an intensity-normalized image. Raw functional data were first corrected for slice acquisition time difference, and then motion correction was performed to align all EPI images to the EPI image acquired closest to the T1-weighted images. The fMRI signal time course was detrended to remove slow linear drifts of the fMRI signal. For retinotopic mapping and hV5/MT+ localization, data from scans under the same stimulus condition were averaged together after preprocessing and before data analysis in MATLAB. The averaged time series were then mapped to the smoothed white matter surface using 3dVol2Surf in AFNI, which generates the value for each surface node by transforming the original to standard-mesh surfaces (Saad and Reynolds, 2012). The reference hemodynamic response function used to convolve the stimulus profile is a gamma function tb exp(−t/c), with b = 8.6 and c = 0.547 s.

Statistical analysis was performed on the fMRI data in the RDK experiments using a generalized linear model (GLM) approach. For each coherence level, a regressor was generated by convolving the stimulus profile of that coherence with the hemodynamic response function above. A third-order polynomial was used to model slow baseline shift. The data from different scans were concatenated for the GLM analysis. The model parameters were estimated using the 3dREMLfit program in AFNI, which uses an ARMA(1,1) model to estimate the correlation structure in noise. After GLM analysis, regions of interest (ROIs) were defined as clusters with corrected p < 0.05 across all coherence levels, and that overlap with different visual areas as determined via retinotopy was identified. We calculated BOLD time-series averages in identified ROIs as follows: (i) The mean ROI time series was computed by averaging the BOLD signal across the voxels belonging to each ROI and over trials presented at the same coherence level; (ii) the baseline BOLD signal was computed from the last five time points of the baseline stimulus, plus the first time point after the transition (before the BOLD signal has had time to rise).

Retinotopic mapping and MT localizer: For retinotopic mapping, the measure of coherence4 of the average time course at the stimulus frequency is used as a measure of the BOLD response strength (VISTASOFT, Stanford, see text footnote 2). To locate activated voxels in hV5MT+ localizer scans, we calculated the correlation coefficient between the time courses of the BOLD signal from each voxel and the stimulus time course and assessed significance using the t-test. Voxels with significantly different t-values from zero define the area hV5/MT+. Putative area MST can be identified as the voxels activated by both contralateral and ipsilateral RDK stimuli, but largely overlaps with area hV5/MT, so we designate both areas together as hV5/MT+.

Study C: The functional images were corrected for motion in between and within scans (Nestares and Heeger, 2000) and aligned to the high-resolution anatomical volume using a mutual information method (Maes et al., 1996). We performed the preprocessing steps, in MATLAB using the VISTASOFT toolbox (see text footnote 2).4 We fitted a GLM to the time course of each voxel to estimate the contribution of each direction range stimulus tested to the time course. The four conditions tested (direction range: 0°, 180°, 288°, 360°) were then contrasted against the baseline (interblock, direction range: 360°) to estimate the dependence of each voxel on coherence. Only those voxels for which the linear model explained more than 3% of the variance in the data were retained. This threshold was set after measuring the mean explained variance during the passive task in a non-visually responsive area by selecting an ROI (i.e., a sphere of 1 cm diameter) from the lower medial prefrontal cortex and setting the value of the threshold at 3 standard deviations above the mean. In an ROI, the percentage signal change was calculated by averaging the β weights of each predictor for each voxel.

Retinotopy: We identified area hV5/MT+ using the population receptive field (pRF) mapping method (Dumoulin and Wandell, 2008). In short, the implementation of the pRF model is a circularly symmetric Gaussian receptive field in visual space. The center and radius of the pRF are estimated by fitting the BOLD signal responses to estimated responses elicited by convolving the model with the moving bar stimuli. We retained only those voxels in these visual areas, for which the topography explained more than 12% of the variance. This threshold was set after measuring the mean explained variance (6 ± 2%) in a non-visually responsive area by selecting an ROI (i.e., a sphere of 1-cm diameter) from the lower medial prefrontal cortex and setting the value of the threshold at 3 standard deviations above the mean.

Reconstruction of the lesioned hemisphere method. Analyzing the functional data of patients with cortical visual lesions can be tricky because of the lack of cortical tissue in the location of the injury. To overcome this, we used a method we developed earlier, and it is described in more detail by Papanikolaou et al. (2019) in order to create a “hybrid” hemisphere. In brief, the method uses information from the healthy hemisphere in order to reconstruct the damaged part.



RESULTS


Normal Subjects


Random Dot Kinematogram Stimulus Presentation Without Motion Discrimination (Study A)

We measured the average BOLD signal modulation across four levels of motion coherence (12.5, 25, 50, and 100%) in areas V1, V2, V3, and V4, and hV5MT+ as a function of time following a transition from 0% coherence. RDKs were generated using the method of Newsome and Pare (1988). Subjects were asked to fixate and report the change of color of a dot at fixation (see “Materials and Methods”), performing > 96% correct in this task. As expected, BOLD signal in the area hV5/MT+ (Figures 3B,C) showed strong statistically significant coherence dependence [F(3,11) = 6.21 p = 0.01], one-way analysis of variance (ANOVA) over coherence across subjects, each measurement reflecting the mean BOLD response amplitude averaged across trials at the same level of coherence for each subject). Area hV5/MT+ BOLD response increased with coherence, reaching approximately 0.5% greater than baseline at 100% motion coherence. Area V3A was also significantly modulated by coherence [Figure 3B; F(3,11) = 7.21, p < 0.006, one-way ANOVA], showing a strong increase in BOLD signal intensity at 100% motion coherence and weaker responses at lower motion coherence levels. In contrast, areas V3 and V4 were not significantly modulated by motion coherence levels [F(3,11) = 0.54, p = 0.66], and [F(3,11) = 1.59, p = 0.2, respectively, one-way ANOVA]. As reported before (Braddick et al., 2001), the BOLD response in area V1 decreased at higher motion coherences compared with the 0% coherence baseline. Specifically, following a transition from 0 to 100% coherence, the BOLD signal in area V1 decreased, reaching minimum approximately 10 s after the transition [Figure 3B_bottom; F(3,11) = 6.90, p < 0.01, one-way ANOVA]. Area V2 showed a similar trend that did not reach significance [Figure 3B; F(3,11) = 2.79, p = 0.09, one-way ANOVA]. These results were qualitatively similar to results obtained in monkey visual cortex during passive fixation, using CBV imaging with MION (Mandeville and Marota, 1999; Smirnakis et al., 2007). Monkey V5/MT showed a clear monotonic increase of CBV signal as a function of coherence (Figure 4). Area MST behaved similarly. CBV versus motion-coherence profiles computed for areas V1, V2, V3, V3A, and FST were, in general, less sensitive to coherence, displaying similar features as the corresponding areas in the human.
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FIGURE 3. (A) Top: Example of a retinotopic map presented on the flattened visual cortex of a subject. The lines define the borders between visual areas. Bottom: Example of an eccentricity map. The foveal (central) and peripheral ROIs in V1, V2, and V3 are indicated by the black arrows. (B) Left: Average BOLD signal intensity responses as a function of time in four subjects across four motion coherence levels (12.5, 25, 50, 100%) in visual areas V1, V2, V3A, hV5/MT+, while fixating (no motion discrimination task). The baseline BOLD activity elicited by 0% coherence was subtracted (see section “Materials and Methods”). Right: BOLD response amplitude as a function of motion coherence (see section “Materials and Methods”) in the passive viewing condition, across four subjects. Error bars represent the standard error of the mean. (C) Selecting the anterior and posterior voxels of hV5/MT+ did not show any difference in coherence dependence. Therefore, we grouped them together for analysis as the hV5/MT+ complex.
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FIGURE 4. CBV response to coherence in the area V5/MT+ of a rhesus macaque. (A) Both area V5/MT and MST behaved in a similar manner and are grouped together. Note the monotonic increase of the CBV signal as a function of coherence. (B) BOLD signal intensity modulation induced by presenting an RDK with motion coherence levels: 12.5, 25, 50, 100%. Transition from the baseline (0% coherence) occurred at time 0, and the duration of the coherent RDK presentation was 30 s.


BOLD signal specific to motion coherence was present also in higher areas, as determined by contrasting all epochs of motion coherence against the 0% coherence baseline. Significant activation was observed in the cuneus (Cun) in four of four subjects [F(3,11) = 3.64, p < 0.05, one-way ANOVA], the STS in three of four subjects [F(3,11) = 3.61, p < 0.05, one-way ANOVA], the posterior lateral sulcus (pLS) in 3/4 subjects [F(3,11) = 3.90, p < 0.05, one-way ANOVA], and the intraparietal sulcus (IPS) in two of four subjects [F(3,11) = 11.56, p = 0.001, one-way ANOVA]. In STS, pLS, and IPS, the mean BOLD magnitude increased as a function of motion coherence, similar to hV5/MT+. Each ANOVA measurement reflects mean response amplitude across trials at the same coherence level (Figure 5). Visual motion-related activation in these areas has been observed in earlier studies (Sunaert et al., 1999), except perhaps for pLS. We also observed significant modulation with coherence in the cingulate (Cing) and precuneus (preC), but this was for only a single subject (one of four).
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FIGURE 5. Top: Examples of inflated white matter surfaces of individual subjects. Overlaid color maps represent the mean response amplitude across coherence levels of 25, 50, and 100% and show only the region with corrected p-values less than 0.05 in the GLM analysis. The green contours delineate the boundaries of area hV5/MT+ as determined from the hV5/MT+ localizer scans. Labels denote the anatomical locations of activated areas: ST, superior temporal sulcus; pLS, posterior lateral sulcus; Cun, cuneus; IPS, intraparietal sulcus; Cing, cingulate cortex; PreC, precentral sulcus. Bottom: Averaged fMRI response amplitudes in the activated brain areas (ST, IPS, Cing, PreC, pLS, and Cun) across subjects. The mean BOLD magnitude increases significantly as a function of motion coherence. Only subjects that showed significant activation in these areas when we contrasted all-coherent RDKs against the baseline are averaged (see section “Results for a Discussion”). Note that the analysis used the corrected-for-multiple-comparisons p-values for identifying which voxels were activated and then simply reported the responses inside the areas where the activation occurred. We did not intend to compare the level of activity across these areas. In any event, this should be considered as an exploratory study, identifying coherence modulated areas for further study in the future.


Results presented so far were obtained with passive stimulus presentation and did not involve performing a direction of motion discrimination task. In what follows, we compare visual responses while subjects are performing an RDK-dependent direction of motion discrimination task versus a luminance modulation task at fixation.



Performing Direction of Motion Discrimination Flattens Motion-Coherence Dependence in hV5/MT+

Study B (bilateral stimulation): Six additional subjects were tested with RDKs that were simultaneously presented in symmetric locations, one in each hemifield. Subjects were asked to fixate versus to perform a direction of motion discrimination task in one of the hemifields. RDKs for this task were generated using the range-of-directions method introduced by Huxlin and Pasternak (2004), as we wanted to test coherence responses with the same stimuli used in visual rehabilitation (Huxlin et al., 2009). The reason that in study B we changed from the RDKs of Newsome and Pare (1988) to the range-of-motion RDKs used by Huxlin and Pasternak (2004) was to ensure our observations remain robust under different RDK conditions and specifically for the type of RDK stimulus more commonly used for visual rehabilitation (Huxlin et al., 2009). Four different coherence levels (range of motion: 0°, 180°, 288°, 360°) were tested, presented from a baseline range-of-motion condition of 360° (no global motion coherence). As expected, both the left and the right hV5/MT+ complexes exhibit increased modulation during epochs of stimulus presentation (Figures 6A,B). This was true even when the stimulus presented was the 360° RDK, which is identical to the baseline. This indicates that in this case the BOLD response does not reflect the characteristics of the stimulus itself, but rather stimulus anticipation and/or task-related demands (subjects were cued to respond to a new stimulus presentation by a change of color in the fixation spot; see section “Materials and Methods”). We applied one-way ANOVA, as we wanted to test if the BOLD signal response as a function of coherence differed between the “task-relevant” versus the “task-irrelevant” hemisphere. Interestingly, we found such a difference. In particular, hV5/MT+ BOLD response was flat as a function of coherence [F(3,20) = 0.45, p = 0.71] in the task-relevant hemisphere (the hemisphere contralateral to the RDK whose direction of motion the subject was tasked with reporting). In contrast, hV5/MT+ BOLD response increased as a function of coherence in the task-irrelevant hemisphere [F(3,20) = 4.94, p = 0.009], as observed in studies A and C (see below).
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FIGURE 6. BOLD activity as a function of coherence in the task-relevant versus the task-irrelevant hemisphere (study B). (A) BOLD signal change in hV5/MT+ of the task-relevant (left) versus the task-irrelevant (right) hemisphere of one subject. (B) Average BOLD signal change in the area hV5/MT+ of the task-relevant (left, triangle) versus the task-irrelevant (right, circle) hemisphere across 6 subjects. (C) Same as B for areas V3A, V2, and V1. Error bars indicate the standard error of the mean across subjects.


Study C (unilateral stimulation): We used random dot stimuli to characterize responses in hV5/MT+ complex to motion coherence in six additional healthy subjects and seven patients under two conditions. In the first condition (passive task), subjects performed a fixation task at the center of the screen, while RDKs of different coherences were presented unilaterally away from fixation (see section “Materials and Methods”). In the second condition (active task), subjects were instructed to report the direction of motion of RDKs presented at identical locations, while maintaining fixation. RDKs for this task were generated using the range-of-directions method introduced by Huxlin and Pasternak (2004), as in study B. Note that RDKs were smaller and unilaterally presented compared with RDKs in study A (which were 12° in radius and centrally presented).

In the control subjects, the hV5/MT+ complex showed significant activation to motion coherence both in the contralateral hemisphere and in the ipsilateral hemisphere relative to the stimulus presentation. As expected, more voxels were significantly activated in the contralateral hV5/MT+ complex (Figure 7A), whereas voxels activated in the ipsilateral hV5/MT+ complex in part correspond to area MST, whose receptive fields are bilateral. Activated voxels showed strong BOLD signal modulation with coherence both ipsilaterally (presumably corresponding largely to area MST) and contralaterally with respect to the stimulus presentation (Figure 7B). Then, we tested the dependence on coherence when the participants were fixating and when they were performing a motion discrimination task. To check this, we conducted a one-way ANOVA, for both ipsilateral and contralateral hV5/MT+ separately. Similarly to study A, hV5/MT+ increased with motion coherence when the subject was performing a motion-unrelated task at fixation [F(3,16) = 6.53, p = 0.04, for the ipsilateral hV5/MT, and F(3,16) = 8.35, p = 0.001, for the contralateral hV5/MT; Figure 7B; orange lines]. However, when subjects were asked to perform direction of motion discrimination, the dependence of the BOLD signal on coherence was markedly suppressed and essentially completely abolished [Figure 7B; blue lines, ipsilateral hV5/MT: one-way ANOVA F(3,16) = 0.40, p = 0.74, and contralateral hV5/MT: F(3,16) = 0.75, p = 0.53].
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FIGURE 7. hV5/MT+ responses to motion coherence in control subjects (study C). (A) Activation maps and average BOLD signal change in the contralateral hV5/MT+ of one subject, while the subject was performing an active direction of motion discrimination task (bottom) versus an unrelated task (passive) at fixation (top). For the passive condition, our results are consistent with our previous findings and the literature that BOLD signal modulation increases with coherence when no discrimination task is used. However, when the subject is performing direction of motion discrimination, the BOLD signal modulation is approximately the same at all coherences. (B) Average % BOLD signal change for all participants (n = 6) performing the motion discrimination task (blue line) versus fixation (orange line). Error bars indicate the standard error of the mean across subjects. As in (A), when the subjects are performing the direction of motion discrimination task, the BOLD signal modulation is approximately the same at all coherences. In contrast, when subjects are fixating without performing the motion discrimination task, BOLD signal modulation increases monotonically with coherence level. A similar activation pattern is also observed in ipsilateral hV5/MT+, presumably reflecting voxels that belong primarily to MST whose receptive fields are bilateral.



Patients With Dense Cortical Visual Field Scotomas

We measured the hV5/MT+ responses to motion coherence for seven subjects with early visual cortical lesions resulting in a dense homonymous visual field scotoma (see section “Materials and Methods”). Three patients (patients S04, S07, and V1003) were tested while performing the passive fixation task. Six patients, two of whom had performed the passive task (S04, V1003), and four other patients (S12, S15, S29, S02), were tested while performing the active task. Patient responses were tested both in the sighted and in the blind visual field.

Responses in the Sighted Visual Field. Patients did show significant activation in both the contralesional and ipsilesional hV5/MT+ when the stimulus was presented in their sighted visual field (Figures 8B, 9B). The dependence of BOLD responses in both contralesional and ipsilesional hV5/MT+ to motion coherence was similar to the healthy subjects presented above, that is, linearly increasing with coherence when subjects were performing a task at fixation [a two-way ANOVA, with factor A the two groups and factor B the different coherences, revealed that there was a non-statistically significant difference between the two groups with FA(1,83) = 0.001, p = 0.97, while the responses to the coherences were significantly different (tuned): FB(3,83) = 36.18, p = 4.663 × 10–15; Figure 8B]. On the contrary, a similar two-way ANOVA performed when the subjects were engaged in a direction of motion discrimination task showed non-significant differences between the groups [FA(1,69) = 3.67, p = 0.059], and the responses to the different coherences were flat [i.e., not significantly different; FB(3,69) = 1.07, p = 0.36 Figure 9C].
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FIGURE 8. hV5/MT+ responses to motion coherence in three patients during the passive task. (Ai) Visual field deficits for each patient based on perimetry and activation maps when the stimulus was presented within the blind visual field (magenta disk). We found no significant activity in either the contralesional (blue circle) or ipsilesional (magenta circle) hV5/MT+ when the stimulus was presented within the patients’ scotoma and the patients were performing a passive fixation task. (Aii) Activation maps when the stimulus was presented within the sighted visual field (gray disk). We found significant activity for both the contralesional (blue circle) and ipsilesional (magenta circle) hV5/MT+ when the stimulus was presented in the sighted field of the patients. (B) Mean GLM β weights of hV5/MT+ across patients as a function of coherence level when the stimulus was presented within their sighted visual field compared with control subjects (black). Responses in both the contralesional (blue) and ipsilesional (magenta) hV5/MT+ were similar to control subjects.
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FIGURE 9. Behavioral performance and hV5/MT+ responses to motion coherence within the sighted field of patients performing a motion direction discrimination task. (A) Left column: Visual field deficits for each patient based on perimetry and location of the stimulus aperture (orange disk). Right column: Behavioral performance for the motion direction discrimination task when the stimulus is presented within the sighted field of patients (orange) versus control subjects (black). (B) Activation maps when the stimulus was presented within the sighted visual field. We found significant activity for both the contralesional (blue circle) and ipsilesional (magenta circle) hV5/MT+. (C) Mean GLM β weights of contralesional (blue) and ipsilesional (magenta) hV5/MT+ across patients as a function of coherence level compared with control subjects (black).


Responses in the Blind Visual Fieldreveal visually driven activation in both ipsilesional. : Although retinotopic mapping did reveal visually driven activation in both ipsilesional and contralesional hV5/MT+, contrasting coherently moving stimuli to stimuli of 360° direction of motion range, that is, no motion coherence, revealed no significant activation during the passive fixation condition when the RDK stimulus was presented inside the patient’s scotoma (Figure 8Ai). Note that this does not necessarily mean that hV5/MT+ of these patients does not get activated by motion stimuli presented within the scotoma, but rather that the modulation is flat as a function of coherence (i.e., it does not differ significantly from the 360° range coherence baseline). Therefore, we can conclude that hV5/MT+ RDK responses arising from stimuli presented inside the dense cortical scotoma are either too weak to elicit significant modulation and/or do not vary significantly as a function of motion coherence.

In contrast, performing the direction-of-motion discrimination within the patients’ scotoma elicited significant responses in hV5/MT+, as judged by contrasting all RDK coherent-motion conditions tested against the baseline (360° direction of motion, i.e., no motion coherence) (Figure 10). The BOLD signal as a function of coherence was suppressed and approximately unchanged at all coherences similar to the responses observed in healthy subjects and patients when the stimulus was presented in their sighted field under the direction of motion discrimination condition. A two-way ANOVA, with factor A the two groups and factor B the different coherences, confirmed that there is a significant difference between the groups [FA(1,76) = 22.01, p = 0.00001], while the coherences remain flat [FB(3,76) = 0.86, p = 0.46]. This is markedly different than the profile of BOLD signal modulation as a function of coherence during the passive fixation condition when the stimulus was presented in the sighted field. This occurred while the patients’ performance remained at chance at all coherence levels when the stimulus was presented in their blind field, confirming the visual field defect and also suggesting that the subjects did not significantly break fixation (Figure 10A, see section “Behavioral Performance”).
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FIGURE 10. Behavioral performance and hV5/MT+ responses to motion coherence within the blind field of patients performing a motion direction discrimination task. (A) Left column: Visual field deficits for each patient based on perimetry and location of the stimulus aperture (orange disk). The center coordinates and diameter of the aperture are shown on top of each graph in the form [x, y], zdeg, where x = deg from vertical meridian, y = deg from horizontal meridian, and z = deg diameter. Right column: Behavioral performance for the motion direction discrimination task when the stimulus was presented within the blind field of patients (orange) versus control subjects (black). (B) Activation maps when the stimulus was presented within the blind visual field. We found significant activity for both the contralesional (blue circle) and ipsilesional (magenta circle) hV5/MT+. (C) Mean GLM β weights of contralateral (blue) and ipsilateral (magenta) hV5/MT+ across patients as a function of coherence level compared with control subjects (black). The variability observed could relate to differences in the type of lesion that each subject has or differences in the ability of the subjects to cope with the requirements of the active task. The fact that some subjects show responses at the level of sighted controls is consistent with the hypothesis that responses are driven by task-related load or attention.


There were some differences across subjects, but these do not change the basic observations reported previously. Specifically, for patients S02 and S29, hV5/MT+ was itself lesioned, and only ipsilateral data could be obtained (all other patients showed bilateral hV5/MT+ activation upon unilateral stimulus presentation). The hV5/MT+ area activated contralateral to the stimulus presentation was significantly smaller than control subjects.

Behavioral Performance. We used one-way ANOVA to test the difference of performance in patients versus controls. We found that the performance of the patients was commensurate to control subjects [F(3,16) = 1.19, p = 0.34; Figure 9A, when the stimulus was presented in the sighted visual field, but there was a significant difference (fall in performance as a function of coherence) between patients and controls [F(3,20) = 15.36, p = 0.0002], when the stimuli were in the blind field. Two-tailed t-tests were also performed to compare the performance of subjects versus controls at each coherence. When there is no coherent motion (direction of motion: 360°) patient performance was commensurate to control performance (two-tailed t-test, p = 0.60), whereas for all other values (288, 180, 0°), control subjects performed superiorly to patients (p = 0.0002, p = 0.0001, p = 0.0001, respectively, Figure 10A).






DISCUSSION

This study revisited the question of how human visual cortex responds to motion coherence stimuli. We went further than previous studies in several respects: (1) we demonstrated how BOLD fMRI responses are modulated by task relevance; (2) we used the non-coherent motion condition as baseline instead of a static stimulus in order to maximize specificity to global motion integration; (3) we validated part of our findings in a non-human primate; and (4) we showed that our observations remain consistent in patients with visual scotomas arising due to cortical injury.

Overall, in healthy subjects, passive RDK presentation starting from a baseline condition of 0% coherence resulted in robust activation of the hV5/MT+ complex and area V3A, as well as the higher areas (Cun, pLS, ST, Cing, IPS, preC). The result in hV5/MT+ complex is in general agreement with Rees et al. (2000) and Becker et al. (2008), whose baseline condition involved static stimuli. On the face of it, the amplitude of the BOLD response to 100% coherence in the area hV5/MT+ we observe (approximately 0.5%) appears to be stronger than the one reported by Rees et al. (2000) (0.1%), but this difference can be largely explained on the basis of a difference in the experimental design. Specifically, Rees et al. (2000) used an event-related paradigm with much shorter stimulus presentation periods. Once this difference is taken into account, one arrives at very similar underlying firing rate estimates using the model introduced by Rees et al. (2000). This result is reassuring, as the baseline condition we used, unlike the one selected by Rees et al. (2000) and Braddick et al. (2001) does maximize the chance that the observed BOLD responses are selective for the integration of local motion signals to global motion coherence. It is also consistent with Braddick et al. (2001), who had also used a dynamic moving baseline with 0% coherence obtaining similar results.

On the other hand, our results are in contrast with results by McKeefry et al. (1997) and Smith et al. (2006) who found that the area hV5/MT+ responses were not modulated by motion coherence. We believe that differences in the experimental conditions are the most likely reason for the disagreement in conclusions. Specifically, McKeefry et al. (1997) and Smith et al. (2006) used paradigms with very low RDK dot densities leading to a decreased chance for motion integration within the receptive fields of neurons in hV5/MT+. The BOLD response in each voxel depends not only on the strength of the motion signal but also on the number of different motion directions stimulated within its pRF. When motion coherence increases, the number of different motion directions stimulated decreases. As first pointed out by Braddick et al. (2001), the balance between these two factors changes with dot density. For example, accounting for the eccentricity of our stimuli, we calculated that the average number of moving dots within the typical area of an hV5/MT receptive field would be approximately 50, compared with approximately 4–6 for the stimuli used by McKeefry et al. (1997) and Smith et al. (2006). Therefore, the number of dots in these two studies is much lower than our study and also than that in the studies by Rees et al. (2000); Braddick et al. (2001), and Becker et al. (2008). Hence, when the level of coherence increases, the increased global motion strength may not be able to overcome the decreased number of motion directions that stimulate the typical area hV5/MT voxel. The degree of motion opponency in different areas likely also plays a role.

Another noteworthy finding of our study is that unilateral RDK stimulus presentation modulated both the ipsilateral and contralateral hV5/MT+ (Figure 7B). Although the number of ipsilateral voxels activated in the hV5/MT+ complex was fewer than the contralateral ones, presumably corresponding to area MST whose large receptive fields cross the midline, we found that their coherence dependence was similar to those in the contralateral side. This suggests that coherence dependence is similar for both areas V5/MT and MST. Moreover, in a separate analysis (Figure 3C), separating area hV5/MT+ voxels to anterior and posterior groups did not reveal a difference in coherence dependence (Figure 3C), supporting that there is no strong difference in coherence dependence between area hV5/MT and the more posteriorly located, putative MST. This agrees qualitatively with Becker et al. (2008), who found that the area MST responses increase with motion coherence.

A novel and surprising finding in our study was the suppression of coherence dependence in areas hV5/MT+ and V3A observed when healthy subjects performed a direction of motion discrimination task instead of passive fixation. We conjecture that increased task-related demands and/or allocated attention during the active visual motion discrimination task likely increase disproportionately the BOLD responses in these motion-selective areas for low coherences, thus flattening the coherence dependence (Figures 6B, 7B). BOLD signal responses in our study were increased commensurately even for the non-coherent stimulus condition, which was identical to the baseline, suggesting that they are not specific to global motion integration across space. It is thus probable that coherence dependence is masked by a non-selective effort-related increase in the BOLD signal response within fMRI voxels. Attention to the stimulus or task-related demands during the motion discrimination task would tend to increase the BOLD response in hV5/MT+ (Huk et al., 2001), and this may indeed be the underlying reason for our findings. It remains to be investigated whether ensuring that the load of attention or task-related demands remains the same across different levels of coherence can reinstate the monotonic dependence of hV5/MT+ activation as a function of coherence.


Motion Coherence Responses in Areas Outside the hV5/MT+ Complex

We also found modulation of the BOLD signal as a function of coherence in higher motion-processing areas, such as the Cun, STS, pLS, and the intraparietal cortex. Others have also documented parietal activation in response to discrimination of motion (Vanduffel et al., 2002; Orban et al., 2004; Peuskens et al., 2004), as well as in the area hV5/MT+ and lateral occipital cortex (Braddick et al., 2000; Grill-Spector et al., 2001; Kourtzi and Kanwisher, 2001). BOLD signal in these areas increased with motion coherence qualitatively similarly to area hV5/MT+ (Figure 3).

In contrast, responses in early visual areas (V1/V2) decrease as coherent motion strength increases (Figure 3B). This finding agrees with earlier reports by Braddick et al. (2001), but contrasts with McKeefry et al. (1997), who found the opposite. Again, this is likely the result of the difference in the density of the dots between our stimuli. At 6° eccentricity, the mean receptive field size of area V1 neurons is 0.53 (Dow et al., 1981), so the average number of dots within a typical V1 receptive field would be approximately 0.5. Therefore, increased coherence level does not enhance the motion signal strength detected by individual V1 neurons. The BOLD response in V1 would then be solely determined by the number of different motion directions that fall over time in the receptive field. As the coherence level increases from 0 to 50%, the density of dots corresponding to random noise changes from 2/degree2 to 1/degree2, and the number of motion directions stimulating each voxel over time varies relatively little. However, at 100% coherence, the number of motion directions corresponding to random noise is reduced fairly abruptly to zero. This may explain the relative flat dependence of V1 BOLD responses at coherence levels of 12.5, 25, and 50%, versus the prominent negative response at coherence 100% (Figure 3A; passive task). Interestingly, when subjects perform a direction of motion discrimination task, the response to coherence is flat or weakly positive at all coherence levels (Figure 6C). As discussed previously, this is likely a result of an increase in effort and/or attention to direction of motion signals.

Consistent with our findings in healthy controls, when the stimulus was presented passively in the non-lesioned hemisphere of patients with V1 injury (Figure 8Aii), we found that both contralesional and ipsilesional hV5/MT+ were activated and showed monotonically increasing motion-coherence dependence similar to the controls (Figure 8B). Bilateral hV5/MT+ activation with unilateral stimulus presentation in the seeing field has also been reported in other studies, such as that by Ajina et al. (2015), who also showed that the presence of the contralesioned (intact) V1 is important for promoting the communication between the two hemispheres. Performing the direction-of-motion discrimination task when the stimulus was presented in the patients’ sighted field (Figure 9A) again elicited responses commensurate to healthy subjects, suppressing coherence dependence. When the stimulus was presented passively in the blind hemifield of our patients, hV5/MT+ activation did not reach significance, in agreement with Ajina et al. (2015). However, performing the direction-of-motion discrimination task within the scotoma was sufficient to induce significant hV5/MT+ activation (Figure 10), even though subject performance remained at chance. Again, the strength of induced activity did not depend on motion coherence and is likely a result of task-related demands (Masuda et al., 2021).

On the face of it, this result may appear to be puzzling because in monkey studies (Britten et al., 1992), the response of MT neurons depends on coherence even when monkeys perform an RDK-related task. One point to consider is that electrophysiology studies measure the responses of individual units, whereas human fMRI studies measure aggregate responses of large populations of neurons with diverse properties. It is therefore possible for isolated recorded neurons to show robust coherence modulation while subjects perform a coherence-related task, while at the fMRI level, this may be masked by the activity of other units at the population level. Therefore, not identifying coherence dependence at the population level does not mean that such a dependence does not exist in select neuronal subpopulations. For example, this may happen if there are two neuronal subpopulations: one excited, the other inhibited, as a function of coherence. Moreover, if the inhibited subpopulation is more numerous than the excited one, a slight degree of inhibition per neuron may suffice, and this may be difficult to detect at a single-cell level. What we can say is that at the population level the aggregate dependence to coherence becomes weaker during task performance. A further consideration is that there are differences between the tasks used in most electrophysiology studies and our study. It is possible that performing a fine direction discrimination task, for example, as in Purushothaman and Bradley (2005), may activate different load/attentional mechanisms than simply performing a left/right direction of motion discrimination task.



Eye Movements Do Not Explain the Effects We Observed

Although subjects were trained to fixate at the fixation mark at the center of the stimulus, the possible presence of pursuit eye movements and variable attentional shifts cannot be completely excluded. However, it is very unlikely that our results can be explained on the basis of aberrant eye movements. First, during the fixation-only task, subjects maintained high performance (>96%) on a rigorous task at fixation, suggesting they fixated well. Second, the effect of pursuit eye movements is expected to be higher at high motion coherence, yet, across subjects, responses at fully coherent RDKs were similar between the fixation-only condition (during which subjects fixated well) versus the motion discrimination condition. Furthermore, in study C, experiments were performed under eye tracking, and post hoc analysis confirmed that subjects maintained fixation (Supplementary Figure 5 in Papanikolaou et al., 2019). Presenting the stimuli in the sighted field of our patients shows similar results with the healthy subjects, increasing confidence that the patients were also fixating well, and the basic observations seen in healthy controls are also true for the healthy cortex of the patients.

In summary, in agreement with the literature, we found that BOLD responses in the area hV5/MT+ were monotonically increasing when subjects did not actively perform a motion discrimination task. In contrast, when subjects performed an RDK direction of motion discrimination task, hV5/MT+ BOLD responses became flat as a function of coherence, probably as a result of increased attention or task-related demands at low coherences. The same effect was observed when RDK stimuli were presented in the sighted field of the patients. When the stimulus was presented inside the patients’ scotoma, performing the motion discrimination task was necessary in order to observe significant hV5/MT+ activation. However, hV5/MT+ activation was again not stimulus coherence dependent, likely representing top-down–mediated task-dependent effects as argued by Masuda et al. (2021). Furthermore, it is reassuring that our results are consistent across basic RDK parameters and across subjects, suggesting they are not particularly sensitive to the type of lesion. In general, our observations shed further light on how visual cortex responses behave as a function of motion coherence, preparing the ground for using these methods to study visual system recovery after injury.
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Recovery of visual discrimination thresholds inside cortically-blinded (CB) fields is most commonly attained at a single, trained location at a time, with iterative progress deeper into the blind field as performance improves over several months. As such, training is slow, inefficient, burdensome, and often frustrating for patients. Here, we investigated whether double-location training, coupled with a covert spatial-attention (SA) pre-cue, could improve the efficiency of training. Nine CB participants completed a randomized, training assignment with either a spatial attention or neutral pre-cue. All trained for a similar length of time on a fine direction discrimination task at two blind field locations simultaneously. Training stimuli and tasks for both cohorts were identical, save for the presence of a central pre-cue, to manipulate endogenous (voluntary) SA, or a Neutral pre-cue. Participants in the SA training cohort demonstrated marked improvements in direction discrimination thresholds, albeit not to normal/intact-field levels; participants in the Neutral training cohort remained impaired. Thus, double-training within cortically blind fields, when coupled with SA pre-cues can significantly improve direction discrimination thresholds at two locations simultaneously, offering a new method to improve performance and reduce the training burden for CB patients. Double-training without SA pre-cues revealed a hitherto unrecognized limitation of cortically-blind visual systems’ ability to improve while processing two stimuli simultaneously. These data could potentially explain why exposure to the typically complex visual environments encountered in everyday life is insufficient to induce visual recovery in CB patients. It is hoped that these new insights will direct both research and therapeutic developments toward methods that can attain better, faster recovery of vision in CB fields.
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INTRODUCTION

Unilateral damage to the primary visual cortex (V1) induces vision loss that presents similarly through both eyes, ranging in size from a small scotoma to an entire hemifield (Holmes, 1918; Zhang et al., 2006). This type of vision loss, known as cortically-induced blindness (CB), decreases quality of life (Gall et al., 2009, 2010), causing problems with driving (Parker et al., 2011; De Haan et al., 2014), reading (Leff et al., 2000), and independent living (Chen et al., 2009). In spite of this, only a small percentage of CB patients have access to compensatory therapies, such as eye movement training (Zihl, 1995; Sahraie et al., 2020) or prism lenses (Peli, 2000), and even fewer have access to interventions designed to restore their lost vision (Pollock et al., 2019). Instead, they are usually told to expect some modicum of spontaneous visual recovery in the first few months after their stroke. This is believed to be followed by stabilization of the visual field deficit once patients reach the chronic phase –6 months post stroke– with severely restricted, largely unconscious visual processing abilities remaining inside their blind field (Sanders et al., 1974; Weiskrantz, 1996).

However, experimental work over the last few decades has shown that residual visual processing abilities can be expanded in chronic CB fields, even reaching conscious perception, through the use of visual training approaches (Melnick et al., 2016; Saionz et al., 2020a). Such training, which usually involves repeated visual discrimination or detection of stimuli presented in the blind field, can partially recover motion discrimination (Huxlin et al., 2009; Das et al., 2014; Cavanaugh et al., 2015, 2019), letter identification (Raninen et al., 2007; Chokron et al., 2008), flicker sensitivity (Raninen et al., 2007), luminance and flicker detection (Kasten and Sabel, 1995; Sahraie et al., 2006; Casco et al., 2018), and static orientation discrimination (Das et al., 2014) at the trained, blind-field locations. However, chronic stroke patients typically require thousands of trials over the span of several months to improve performance at a single, blind-field location (Cavanaugh and Huxlin, 2017). Once recovery on a trained task is attained, the stimulus is typically shifted by 1 or more degrees to an adjacent blind-field location, and the entire process begins anew (Huxlin et al., 2009; Cavanaugh and Huxlin, 2017; Saionz et al., 2020b). This successive training design can be effective, but it is not efficient.

Spatial specificity, the inability of training-induced improvements to transfer to untrained locations in the visual field, is a well-documented phenomenon of visual perceptual learning in both visually intact (Jeter et al., 2010; Hung and Seitz, 2014; Donovan et al., 2015) and chronic CB (Sahraie et al., 2006; Huxlin et al., 2009; Cavanaugh and Huxlin, 2017; Saionz et al., 2020b) participants. The difficulty of the task (Ahissar and Hochstein, 1997; Liu and Weinshall, 2000), task precision (Jeter et al., 2009), and the length of training (Jeter et al., 2010; Hung and Seitz, 2014) have been shown to contribute to spatial specificity in intact participants, and have motivated investigations into techniques that could overcome this limitation. In visually intact humans, successful approaches included pre-testing training locations (Zhang et al., 2010), lengthening the time of training (Larcombe et al., 2017), double-location training (Xiao et al., 2008; Mastropasqua et al., 2015; Xie and Yu, 2017), as well as recruiting spatial attention (Donovan et al., 2015, 2020; Donovan and Carrasco, 2018) and feature-based attention (FBA) (Hung and Carrasco, 2021). Some of these techniques have been tested in chronic CB but they did not seem to induce spatial transfer of learning. For instance, patients are typically pre-tested at multiple blind-field locations during baseline mapping of the deficit and to select training locations (Huxlin et al., 2009; Cavanaugh and Huxlin, 2017; Saionz et al., 2020b). Additionally, standard daily training regimens typically extend over several months (Huxlin et al., 2009; Cavanaugh and Huxlin, 2017; Saionz et al., 2020b), and a version of double-training in CB was shown to be effective at inducing transfer between trained locations, but not to untrained locations (Das et al., 2014). However, this training was performed using a block design, with one block of 300 trials at one location, a rest period, and a separate block of 300 trials at a second location. Finally, patients trained with FBA were able to recover normal fine direction discrimination thresholds, but improvements were only tested at the single, trained, blind-field locations (Cavanaugh et al., 2019). All in all, for recovery of discrimination thresholds to be attained in cortically-blinded fields using standard, single-stimulus training protocols, the training burden remains high. As a direct reference for the present study, CB patients performed an average (±SD) of 83 ± 24 training sessions (24,840 ± 7,170 trials) to attain stably improved, direction discrimination thresholds at a single, blind-field location (Cavanaugh et al., 2019). Final direction difference thresholds stabilized at an average 9.4 ± 7°, which was approximately 1.5-fold above normal (Cavanaugh et al., 2019). Our task here was to investigate whether it is possible to improve upon this outcome.

Selective visual attention, which prioritizes a subset of sensory information for enhanced processing is thought to play a critical role in visual perceptual learning (for reviews, see Ahissar and Hochstein, 2004; Li et al., 2004; Roelfsema and van Ooyen, 2005; Seitz and Watanabe, 2005; Tsushima and Watanabe, 2009; Watanabe and Sasaki, 2015). Visual spatial attention can be covertly deployed (i.e., without accompanying eye movements) endogenously (voluntarily) or exogenously (involuntarily). Both types of covert spatial attention improve performance on a variety of tasks mediated by early visual processes in visually intact humans (for reviews, see Carrasco, 2011; Carrasco, 2014; Carrasco and Barbot, 2015). Because spatial attention serves as one of the most important mechanisms for gating what and how efficiently information is processed, it is important to investigate how it modulates perceptual learning. However, few studies have systematically manipulated attention to examine this effect in visually intact humans and none in CB. Particularly relevant are studies in which covert spatial attention was manipulated and found to benefit perceptual performance by enabling learning (Szpiro and Carrasco, 2015) and facilitating transfer across locations (Mukai et al., 2011; Donovan et al., 2015, 2020; Szpiro and Carrasco, 2015; Donovan and Carrasco, 2018; Roberts and Carrasco, 2022).

CB patients are also known to deploy, and benefit from, spatial attention within their cortically-blinded fields, despite a lack of awareness in these regions (Pedersini et al., 2020). Here, we asked if double-training CB patients on a direction discrimination task performed with respect to either one of two simultaneously presented visual stimuli on each trial, can restore discrimination performance at both blind field locations, and whether covert endogenous spatial attention (SA) during training can facilitate such restoration. Because SA aids visual performance by increasing gain in population responses to visual stimuli (Ling et al., 2009; Barbot et al., 2014; Fernández et al., 2021), it could help overcome spatial specificity in V1-damaged humans, as the blind field of CB patients suffers from both decreased number of neurons and increased internal noise (Cavanaugh et al., 2015). Thus, we posit that double-training along the blind field border, coupled with directing endogenous SA covertly, offers potentially the best chance of recovering function at different locations simultaneously and helping overcome spatial specificity in CB patients. Surpassing this limitation could significantly reduce the amount of training needed to attain recovery at multiple, blind-field locations. This, in turn, would decrease the burden of training, making visual recovery easier to attain.



MATERIALS AND METHODS


Participants

Data were collected from 12 chronic occipital stroke patients (Table 1). All were at least five months post-occipital stroke (Table 1) affecting the primary visual cortex or its afferent white matter, with resulting visual field deficits measured with standard automated Humphrey perimetry (Figure 1).


TABLE 1. Patient demographics and training assignments.
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FIGURE 1. Brain lesions and visual field characteristics of recruited participants. Structural brain scans show locations of stroke-induced damage in the occipital cortex in horizontal sections. Right and left-brain hemispheres are shown according to radiological standards (right brain on image left). Imaging type [MRI T1, diffusion-weighted imaging (DWI), T2-weighted fluid-attenuated inversion recovery (T2-FLAIR), or computed tomography (CT)] is indicated on each image. Patients who did not complete the study are asterisked. Adjacent to each brain image is a composite, binocular map of the central visual field generated from monocular 24–2 and 10–2 Humphrey automated perimetry at baseline. Red circles on each map denote the approximate locations and size of training stimuli.


Participants were excluded if they were unable to fixate properly during perimetry or baseline psychophysical testing performed with an eye tracker. They were also excluded if they presented with any ocular or neurological conditions that could interfere with visual training or testing, including neglect. None of the participants currently used psychoactive drugs, such as anti-depressants, and all had their visual acuity corrected to normal (with glasses or contact lenses) during training and testing. Participants were randomized into 2 double-stimulus/location training cohorts. Nine participants completed training (Figure 2A) and returned to the laboratory for post-training tests and verification of training effects using eye-tracker enforced fixation (see below). Three participants (Table 1, CB6, CB11, and CB12) did not complete their training and declined to return for post-training testing. These participants were thus removed from subsequent analyses. All procedures in the present study were approved by the Institutional Review Board of the University of Rochester Medical Center and adhered to the tenets of the Declaration of Helsinki. Participants were enrolled after giving written, informed consent for participation in the study.
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FIGURE 2. Study and task design. (A) 12 Participants were recruited and split between 2 training cohorts. All participants were tested in-lab at baseline, then trained at home for several months, before returning to the lab for post-training measures. Two participants in the Neutral training and 1 participant in the SA training cohorts did not return and were lost to follow up. (B) In-lab tests used random dot stimuli moving coherently in a direction above or below the horizontal meridian, either to the left or right, to measure direction difference thresholds relative to the horizontal. Participants were only asked to report if motion direction was above or below the horizontal by pressing the up/down arrows on their keyboard, respectively. All testing was performed with eye-tracker enforced fixation control. (C) SA training was identical to the testing task, but additionally included a pre-cue at fixation (represented in red here, white in reality). The pre-cue lasted 200 ms, and was presented 500 ms prior to onset of the 2 stimuli. The SA pre-cue indicated the relative location of an upcoming target stimulus, which would appear in the blind field together with a second, non-target stimulus. The target stimulus, whose direction of motion (above or below the horizontal) the participant was required to indicate via key press, was denoted by a response cue presented simultaneously with the 2 stimuli. (D) Task sequence for Neutral training, which was identical to SA training, except that the pre-cue (red in diagram) did not indicate which of the 2 upcoming stimuli would be the target.




In-Lab Apparatus and Eye Tracking

Pre- and post-training, in-lab tests were performed with fixation enforced using an Eyelink1000 eye tracker (SR Research, Mississauga, Ontario, Canada). Tracking was binocular for all participants except for two, who suffered from convergence insufficiency (CB7 and CB9); in these two, we tracked the dominant eye and patched the non-dominant eye for all testing and training.

During each trial, participants were asked to fixate on a round, black, fixation target, 0.25° radius, at the center of a mid-gray level CRT monitor (HP 7217A, 48.5 × 31.5 cm, 1,024 × 640 pixel resolution, 120 Hz frame rate), whose luminance was calibrated with a ColorCal MKII automatic calibration system (Cambridge Research Systems, Rochester, United Kingdom). Stimuli appeared in either intact or blind regions of the visual field and were rendered using MATLAB (The MathWorks, Natick, MA) and Psychtoolbox (Brainard, 1997; Pelli, 1997). Viewing distance to the CRT monitor was 42 cm, enforced by a chin/forehead rest. The Eyelink1000 eye tracker is reported accurate by the manufacturer to within 0.25°, with a sampling frequency of 1,000 Hz. During testing, we allowed participants an electronic window of ±1° from the center of the fixation spot. Breaking fixation by moving the eyes outside this window resulted in the trial being aborted, removed from the session and a new trial was generated to replace it.



In-Lab Psychophysical Testing Before and After Training

Direction difference (DD) thresholds were measured at select, blind-field locations and equivalent locations in the intact hemifield of each participant, generating an internal control for normal performance. The task was a 2-alternative, forced-choice, direction discrimination, in which participants indicated whether global stimulus motion was in a direction angled above or below the horizontal. The trial sequence (Figure 2B) started with stable fixation on the centrally presented fixation spot for 1,000 ms, after which a random-dot stimulus appeared for 500 ms, consisting of black dots on a mid-gray background. Dot density was 3.5 dots per square degree, within a stimulus aperture 5° in diameter, with individual dot lifetime of 250 ms and dot radius of 14 arcmin. Dots moved coherently at 5°/s in one of two base directions (left or right) but at an angle above or below the horizontal. Participants were asked to discriminate if the angle of motion was above or below the horizontal, irrespective of the left/right component of motion. This task-irrelevant information was included to increase the feature-uncertainty between the two stimuli. This reduced the possibility that a participant would base their decision for a target location on motion at the non-target location. Base direction (left/right) and test direction (up/down) were randomly assigned on each trial and for each target. Task difficulty was adjusted on a 3:1 staircase by decreasing the angle above or below the horizontal meridian using the following staircase: 90, 75, 60, 45, 30, 25, 15, 10, 5, 2.5, and 1° difference. DD thresholds were then calculated by fitting performance from a testing session using a Weibull function with a threshold criterion of 72.5% correct (half way between chance performance –50% correct- and 95% correct, which assumed a 5% lapse rate). When performance was too poor (<72.5% correct overall), a nominal threshold value of 90° was assigned to that session. This DD task was similar to our previously described (Cavanaugh et al., 2019) fine direction discrimination task; however, the present task was performed without the feature pre-cues.

To identify suitable blind-field locations for home-training, we first mapped baseline performance at multiple locations across the blind-field border, starting with the 5° diameter random dot stimulus centered on the vertical meridian. The stimulus was moved in 1° lateral increments at a given elevation relative to fixation, and fine discrimination performance (without pre-cues or response cues, Figure 2B) was assessed at each site. Training locations were selected as the first site where DD thresholds were worse than those measured at a roughly corresponding location in the same person’s intact field over a single, 100-trial block, after a 1° lateral movement toward the blind-field (estimated from Humphrey perimetry). Performance at overlapping locations 1–2° deeper into the blind field (via lateral shift) was also measured using 100-trials blocks of the same task, to verify that failure persisted distal to the identified training location. The only participant who was an exception to this pattern was CB6, who had been trained as a subacute (CB4 in Saionz et al., 2020b) prior to enrollment in the present study. CB6 exhibited massive transfer of learning deep into their blind field and we could not find a failure point on the DD task until very deep into the blind field during baseline testing for the present study. In addition, this participant was ultimately removed from analyses due to a failure to complete his return visit to the lab to be tested with eye-tracking.

Two potential training locations were selected in each participant (red circles in Figure 1), always at different elevations, at least 5° apart, to prevent potential overlap of the training stimuli. Mean eccentricity of these locations for the 9 patients who completed training was 8.4 ± 2.4° (range: 6–13°), with no significant difference between training cohorts (unpaired t-test, equal variance, t16 = 1.05, p = 0.31). Importantly, there was no significant effect of stimulus eccentricity on pre-training/baseline DD thresholds either among the selected blind-field training locations (linear regression: t16 = 1.22, r2 = 0.085, p = 0.24), or among intact-field, control locations (linear regression: t7 = –0.76, r2 = 0.077, p = 0.47; Supplementary Figure 1A).

Participants were pseudo-randomized into 2 groups: 6 trained with an SA pre-cue (Figure 2C) and 6 trained with a Neutral pre-cue (Figure 2D); neither the participants nor the researchers were blinded to training assignment. All participants trained at home (see below for description). Of the 6 participants included in the SA training group, 5 completed training and returned to the lab for post-tests (Table 1). Of the 6 participants included in the Neutral training group, 4 completed training and returned to the lab for post-tests (Table 1). The in-lab post-tests were critical to validate training effects with eye-tracker-enforced fixation control. If participants could not return, their data were not included in this study report because we were unable to measure discrimination performance end-points with eye-tracking and without pre-cues at the two trained locations. Post-training tests in-lab were identical to those conducted at baseline.



Double-Stimulus Training Tasks

The SA training task (Figure 2C) was a modification of the DD task described above for baseline testing (illustrated in Figure 2B). Each trial began with fixation of a small, central target for 1,000 ms, followed by presentation of a pre-cue in the form of a white line extending from fixation, pointing toward one of two possible stimulus locations in the participant’s blind field. The pre-cue was valid and lasted 200 ms, followed by a 500 ms interval. This timing enabled participants to deploy endogenous covert spatial attention specifically to that location ahead of stimulus presentation there. Two random dot stimuli, identical to those used during baseline testing, were then presented simultaneously at the two training locations, concurrent with a response cue identical to the SA pre-cue (i.e., consisting of a single white line at fixation) pointing to one of the 2 stimuli, whose global motion direction relative to horizontal the participant was asked to indicate. The global motion direction of each stimulus was randomized on each trial. Both the stimuli and response cue were presented for 500 ms, after which the participant was allowed to respond by pressing either the up or down arrow keys on their keyboard, to indicate if the perceived global direction of motion at the target location was above or below the horizontal. Auditory feedback was provided following each response to indicate correctness, and the next trial would begin after a 1s inter-trial interval.

The Neutral training task (Figure 2D) was identical to the SA training task, except that the pre-cue consisted of two white lines pointing to both stimulus locations. As such, participants did not know which stimulus would be the target until the response cue was presented simultaneous with the two stimuli.



At-Home Training Procedures

Training was conducted at home, on participants’ personal computers. Each person was provided with a training program customized to their training locations and their computer specifics (operating system, monitor dimensions, resolution and refresh rate). Training was conducted at a viewing distance of 42 cm, enforced with a lab-issued chinrest (11.5″ Medium Duty, Richmond Products, Albuquerque NM). Participants were instructed that poor fixation during training would inhibit potential visual recovery, and that performance at home would be verified in the laboratory with eye-tracking. They were asked to train for 1 session of 300 trials per day on the direction discrimination task with pre-cues and response cues, 5–7 days per week. At the end of each training session, the program automatically closed and generated a training log of trial-by-trial parameters that was stored on the participant’s computer. The program also created a pop-up at the end of each session, showing the participant their general performance for the session (percent correct and linear threshold). Participants emailed their training logs to the laboratory for analysis and quality monitoring once per week. Compliance with training was not perfect, with a range of training sessions in both cohorts (see Table 1). We aimed for a similar number of training sessions at the blind-field locations of interest before scheduling people to return for in-lab eye-tracker-enforced performance verification, but the amount of time elapsed until the return visit varied significantly. It was affected by the individuals’ rate of improvement, their work/family schedules and ability to travel to our single study site (participants originated from across the entire United States and Canada).



Data Analysis

Primary outcome measures were change in DD thresholds and the change in % correct performance at minimum difficulty (i.e., 90° DD; Mean Difficulty Performance—MDP). Analyses were performed using MATLAB. Training locations were treated as independent, due to the non-uniform nature of the hemianopic visual field, both in terms of baseline discrimination performance and of training-induced changes in performance (Huxlin et al., 2009; Das et al., 2014; Saionz et al., 2020b). When possible, paired t-tests or a Wilcoxon rank sum test were used to compare testing locations and timepoints within a training cohort. However, although two locations were sampled in each person’s blind field, only one intact-field location was tested in the same person. Unpaired t-tests were performed because the two blind-field locations behaved independently and created an uneven comparison. F-tests were performed to determine if variability was similar between groups, followed by either an equal or unequal-variance, unpaired t-test as appropriate. F-test values for all comparisons are reported in Supplementary Table 1. Degrees of freedom, t-values and p-values are reported for all t-tests in the text of the “Results” section, and all t-tests were two-tailed.




RESULTS


Baseline Fine Direction Difference Performance

Baseline performance was collected for all participants in the SA- and Neutral-training cohorts at two, blind-field locations. Participants in the SA-training cohort averaged DD thresholds of 65.8 ± 31.3° and MDP of 67.6 ± 20.1% correct across all blind-field locations (Figures 3A,B). In contrast, in their intact field, DD thresholds averaged 4.1 ± 3.8° and MDP was 94.3 ± 12.8% correct (Figures 3A,B). Blind-field performance was thus significantly impaired at baseline relative to the intact field (Wilcoxon rank sum: Threshold: p = 0.0006, MDP: p = 0.024).
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FIGURE 3. Effects of training with SA- and Neutral pre-cues. (A) Plot of mean (± SEM) direction difference (DD) threshold, with individual data superimposed (white circles). Intact field performance was largely normal across both cohorts (white bars), while baseline (pre-training) performance in the blind field was similarly impaired for both cohorts (light gray bars). After training (dark gray bars), the majority of SA-trained participants, and the group as a whole improved over baseline. However, the group average remained impaired relative to the intact field. In contrast, the majority of Neutral-trained participants did not attain lower thresholds after training. As a group, they did not improve from baseline and remained impaired relative to their intact field. (B) Plot of mean (± SEM) percent correct performance at the minimum difficulty (MDP), in this case a 90° DD from horizontal. Intact field performance for both cohorts was similarly good (white bars), and baseline performance in the blind field was impaired (light gray bars) relative to their intact visual fields. All participants in the SA training cohort improved relative to their own pre-training levels, attaining post-training MDP % correct performance that was not significantly different from their intact field. In comparison, the Neutral-trained cohort did not improve significantly from baseline overall, and remained impaired relative to their own intact fields. Gray error bars on comparisons lines indicate ±1 standard error of the difference between the compared means; see text for descriptive statistics.


The Neutral-training cohort had average DD thresholds of 70.6 ± 35.9° and MDP of 63.3 ± 21.3% correct across blind-field training locations (Figures 3A,B), significantly worse than performance in the intact field, averaging 2.2 ± 0.5° and MDP was 100 ± 0% correct (Figures 3A,B; Wilcoxon rank sum: Threshold: p = 0.002, MDP: p = 0.03).

Overall, baseline performance was similar in the two cohorts both in the blind (Threshold: unpaired t-test, equal variance t16 = –0.30, p = 0.77; MDP: unpaired t-test, t16 = 0.44, p = 0.66) and intact (Threshold: unpaired t-test, t7 = 0.95, p = 0.37; MDP: unpaired t-test, t7 = –0.88, p = 0.41) fields. Moreover, eccentricity of the target blind-field locations was not significantly correlated with baseline DD thresholds (linear regression: t16 = –1.88, r2 = 0.077, p = 0.24; white data points in Supplementary Figure 1A). Importantly, DD thresholds in the intact field also did not vary with eccentricity (linear regression: t7 = –0.76, r2 = 0.085, p = 0.47; gray data points in Supplementary Figure 1A).



Impact of Training on Blind-Field Performance

SA-trained participants attained post-training DD thresholds of 33.0 ± 32.4° (Figure 3A) and an MDP of 84.7 ± 16.9% correct (Figure 3B). This performance was significantly better than pre-training measures (paired t-tests, DD thresholds: t9 = 3.43, p = 0.0075; MDP: t9 = –3.25, p = 0.010). However, whereas the MDP was now similar between post-training blind-field and intact locations (unpaired t-test, equal variance, t13 = 1.11, p = 0.29), DD thresholds failed to reach intact-field levels of performance (unpaired t-test, unequal variance: t9.47 = –2.78, p = 0.020).

Participants in the Neutral-trained cohort attained post-training DD thresholds averaging 67.2 ± 32.4°, and MDP was 71 ± 13% correct (Figures 3A,B). Unlike the SA cohort, the Neutral training group exhibited no significant improvements at their trained, blind-field locations (paired t-tests, DD thresholds: t7 = –0.17, p = 0.87; MDP: t7 = –0.86, p = 0.42); performance remained impaired relative to the intact field (unpaired t-test unequal variance, DD thresholds: t7 = –5.67, p = 0.00076; MDP: t7 = 6.37, p = 0.00038).

In sum, although both groups started with similar baseline performance, SA-trained participants attained significantly better DD thresholds than Neutral-trained participants (unpaired t-test, equal variance t16 = –2.22, p = 0.041). Finally, eccentricity of the trained, blind-field locations did not reliably influence training outcomes, with no significant effect of eccentricity on change in DD thresholds (linear regression: t16 = 1.22, r2 = 0.182, p = 0.08; Supplementary Figure 1B).



Impact of Baseline Performance on Training Outcomes

Although baseline performance was similar in the two training cohorts, there was significant variability among participants, and even between training locations in a given participant. To determine if baseline performance impacted training outcomes, we sorted training locations in a binary manner according to whether they exhibited pre-training DD thresholds above or below 45° (Figure 4). If DD thresholds were < 45°, the location was labeled as “Spared at Baseline.” If DD thresholds were > 45°, the location was labeled “Impaired at Baseline.” Note that being categorized as “Spared” did not imply that a given location had normal DD sensitivity, but rather that sensitivity could be measured. Locations were further sorted by training type, across all participants. We found that 6/18 locations had “Spared” vision (4 SA trained, 2 Neutral trained), and the remainder were “Impaired” (6 SA trained, 6 Neutral trained, Figure 4A). The large gap in performance within each of the two groups of participants (Figure 4A) justifies this division into separate groups.


[image: image]

FIGURE 4. Change in direction difference (DD) thresholds sorted by baseline performance. (A) Blind-field training locations were categorized as “impaired” at baseline if DD threshold was > 45° (shaded region), or as relatively “spared” if DD threshold was <45 °. Four SA- and two Neutral-trained participants had a single location each categorized as having “spared” vision. Four SA- and two Neutral-trained participants had a single location each categorized as “impaired” prior to training, whereas one SA and two Neutral-trained participants were impaired at baseline at both of their training locations. (B) Spared locations (white region), when SA-trained, maintained their spared performance or slightly improved; when such locations were Neutral-trained, performance became significantly worse. For both training cohorts, when initial performance was impaired (shaded region), improvements were seen in about half of the participants; the rest showed no change.


Locations with “Spared” vision that underwent SA-training maintained their spared performance or improved slightly, averaging a DD change of –17.3 ± 5.8° (Figure 4B). In contrast, the two “Spared” locations that underwent Neutral-training became considerably worse post-training, with DD thresholds increasing by 78.2 and 73.3°, respectively. For both training cohorts, when the initial training location was “Impaired” at baseline, 4/6 SA-trained and 3/6 Neutral-trained locations improved—the rest did not change. Correspondingly, a two-way ANOVA revealed a significant effect of training type [F(1, 17) = 11.5, p = 0.0045], and a significant effect of baseline performance [F(1, 17) = 17.5, p = 0.0009] with a significant interaction effect [F(1, 17) = 6.42, p = 0.024].



Comparing Performance Between the Two Training Locations

A potential concern with the present protocol is that participants may not have split their attention equally between the two stimulated, blind-field locations during training. To address this possibility, we examined progression of home-training performance at both stimulated, blind-field locations for individuals in each training cohort (Figure 5 and Supplementary Figure 2), and found well-matched progression/lack of progression at both locations in each participant, in both cohorts.


[image: image]

FIGURE 5. Blind-field performance across training trials and sessions. (A,B) Example plots of 2 participants’ thresholds as a function of # trials during home training (A—CB4; B—CB7). Orange and blue data points represent daily performance at the two trained locations in each person, with 150 trials/session/location. In (B), Locations 1 and 2 had the better and worse initial performance, respectively. In (A), Location 2 sessions with a threshold of 90 are presented as 85 for illustrative purposes. (C) Plot of the total number of sessions trained in each cohort (means ± SEM) with individual data superimposed. There were no significant differences between groups. Gray error bar on the comparison line indicates ± 1 standard error of the difference between the compared means. (D) Plot of pre- to post-training change in DD threshold against the total number of training sessions performed by participants in the two training cohorts. There was no significant correlation between amount of training performed and DD thresholds in either training group (SA: t8 = 0.23, p = 0.82; Neutral: t6 = 0.91, p = 0.40).


However, in addition to the lack of eye-tracker-enforced fixation control, the home-training task differed markedly from that used for in-lab measurements by including both attentional pre-cues and response cues (absent in-lab) and 2 simultaneously presented stimuli (vs. a single stimulus in-lab). Thus, we also examined changes at the two training locations, comparing in-lab pre- and post-training measurements. Training locations were separated into Location 1 and 2, according to baseline performance, with Location 1 displaying better performance at baseline. Note that “worse” performance was not necessarily an inability to perform the task, and “better” performance did not necessarily mean normal thresholds. If baseline performance was similar at the two locations [which occurred in one SA-trained participant (CB5) and two Neutral-trained participants (CB8, CB10)], these were designated “1” or “2” at random. There were no significant differences between locations 1 and 2 in-lab DD thresholds of participants in either the SA cohort or the Neutral cohort (Supplementary Figures 3A,C). This result was also consistent for MDP (Supplementary Figures 3B,D). Thus, both locations had similar changes for both measures.



Impact of Amount of Training on Behavioral Outcomes

A potential cause for SA-trained participants improving more than Neutral-trained ones could be differences in the amount of training performed. To test this possibility, we compared the total number of trials and sessions performed at home at the specified target locations. On average, SA-group participants trained for a total of 22,860 ± 11,629 (SD) trials per location, whereas Neutral-group participants trained for 12,187 ± 3,227 (SD) trials (see Table 1 for number of sessions trained). The greater average number of sessions and trials performed by the SA-training group was largely driven by one SA-trained participant (CB3), who in spite of repeated reminders to only train once per day, failed to comply. He trained 2–4 sessions per day for 180 days. By the same token, three of the Neutral-trained participants (CB7, 8 and 9) failed to train 5 days per week, and ended up with fewer training sessions than they were asked to perform before returning to the lab for verification (Table 1). In spite of these differences in training rate, a regression analysis showed that the number of sessions/trials trained accounted for only minimal variance of in-lab-measured change in DD thresholds overall (linear regression: R2 = 0.0094, t16 = –0.39, p = 0.70), and for either training cohort (Figure 5D).




DISCUSSION

Our primary goal in this study was to assess the efficacy of double-location training, with or without SA pre-cues, to recover visual function and to overcome some of the limitations induced by the intrinsic spatial specificity of visual recovery in CB patients undergoing single-location training. To this end, we combined several established methods of addressing spatial specificity: (1) Presenting two stimuli at different blind-field locations simultaneously, (2) using an endogenous, spatial pre-cue to guide attention prior to stimulus presentation, and (3) using extended training periods. We found that double-training coupled with SA pre-cues could recover DD thresholds at two blind-field locations simultaneously. Moreover, it did so using a comparable number of trials as previously shown to attain stable improvement with single-stimulus training (Cavanaugh et al., 2019). To our knowledge, this is only the second study (Pedersini et al., 2020) to utilize deployment of covert, endogenous SA within cortically-blinded fields, and the first to reveal that this deployment benefits visual training. This result sets the stage for future investigations that manipulate attention to enhance training efficacy and efficiency.


Spatial Attention Pre-cues Facilitate Double-Training in Cortically-Blinded Fields

Double-location training with SA pre-cues at fixation improved direction discrimination thresholds simultaneously at two blind-field locations and to a similar extent. Spatial attention boosts in gain of the population response (Ling et al., 2009; Barbot et al., 2014; Fernández et al., 2021) aid in situations in which high internal noise is the limiting factor on performance. Hence, the improvement in performance attained by double-location training with SA pre-cues is consistent with our finding that blind-field performance is primarily limited by high internal noise (Cavanaugh et al., 2015).

SA improved performance at both locations, even though deployment of SA to a target location can concurrently impair processing of stimuli presented at unattended locations (Posner et al., 1980; Pestilli and Carrasco, 2005; Rihs et al., 2007; Montagna et al., 2009; Herrmann et al., 2010). In addition, the nature of the double-location training protocol introduced additional spatial uncertainty not present in our single-location protocols. Increased spatial uncertainty impairs performance in both typical and patient populations, but can be overcome by guiding attention (Herrmann et al., 2010; Phu et al., 2018). Thus, the pre-cue and subsequent deployment of SA to target training locations may have boosted performance and training efficacy through a combination of increased gain at the target and reduced processing of the distractor. The efficacy of SA is especially interesting because patients presumably attend to locations within their cortically-blinded field, where they report degraded or completely absent conscious vision.

However, the use of SA pre-cues during double training was not sufficient to improve fine discrimination thresholds to the same level as single-location training with feature pre-cues, which returned DD thresholds to intact field levels (Cavanaugh et al., 2019). A possible mechanism behind this limitation is that SA is thought to improve performance by boosting cell response gain and, unlike FBA, does not enhance tuning (Baldassi and Verghese, 2005; Ling et al., 2009; Barbot et al., 2014; Fernández et al., 2021). A boost in gain would be most beneficial when discriminations are coarse, while enhanced tuning would be most beneficial for fine discriminations, such as in this study. Thus, whereas SA pre-cues during training were able to overcome limitations to performance imposed by increased internal noise within cortically-blinded fields (Cavanaugh et al., 2015), they were less effective for finer discrimination, when internal noise was no longer the limiting factor to performance (Dosher and Lu, 1998). Thus, performance improved but residually-high thresholds persisted. Given that DD thresholds can reach intact field levels of performance following FBA training (Cavanaugh et al., 2019), these limitations are likely not inherent to the visual system. Rather, SA was likely insufficient to overcome all of the hurdles present in a damaged visual system. Future efforts to train CB people with FBA in a double-location training protocol could be informative. If such a paradigm restored thresholds to intact-field levels, it would suggest that the primary limitation in the present training configuration was overly broad tuning of the population response. If not, it would suggest that the damaged visual system is simply not able to effectively divide resources between two, simultaneously presented, blind-field training locations.



Impact of Baseline Performance and Training Type on Recovery

In our previous studies, all training locations (though limited) were equivalently impaired prior to training, whereas a portion of training locations in this study possessed some residual, though still worse than normal, direction discrimination performance. A coarse assessment of our “spared vs. impaired” classification revealed—for the first time—that locations with residual threshold performance may be differently affected by training than locations that are fully impaired prior to training. Indeed, at least half the impaired locations trained in either group improved. In contrast, most spared locations improved further when trained with the SA task, whereas both spared locations trained on the Neutral task became impaired. Future efforts involving a larger number of participants will be needed to fully establish the impact of baseline vision on training outcomes, both for single and double-location training protocols.



Limitations of Double-Training Without Spatial-Attention Cues

We were surprised to find that double-location training with Neutral pre-cues failed to improve threshold performance in 3/4 of those tested (5/8 locations). Whereas such training can improve performance in visually intact participants (Zhang et al., 2010; Donovan et al., 2015, 2020; Mastropasqua et al., 2015; Xie and Yu, 2017; Donovan and Carrasco, 2018) the damaged visual system may not appropriately distribute perceptual resources during simultaneous stimulus presentations. The presence of a second stimulus may in fact serve as a distractor when performing the task at the target location. Perhaps this arises from an inability to exclude the secondary location from processing by the already-limited visual system, abnormalities of suppression/inhibition and/or to an expansion of receptive field sizes within the deficit zone (Papanikolaou et al., 2014; Barbot et al., 2021).

Alternatively, our result may be explained by the introduction of spatial uncertainty to the training task in the double-location condition, which is not present in single-location protocols. Visual and attentional resources, already limited by the reduction of visual processing units in the brain, must now be spread across two locations. Another possible explanation is that the presentation of response cues simultaneous with the stimuli did not provide the damaged visual system enough time to process the cue, orient to the location of interest and interpret the target. Determining whether processing times are similar in CB and visually intact controls may allow further optimization of stimulus and task parameters for CB training. Finally, Neutral-trained CB participants could ultimately show performance improvements if allowed to train for much longer than was done here; however, their ability to maintain compliance in the face of extremely slow or no progress remains a challenge for such an experiment.



Comparison of Amount of Training Needed in Single and Double-Stimulus Protocols

Another important result that emerged from the present experiment is that the number of training sessions or trials performed did not consistently explain differences in training efficacy between SA- and Neutral-trained participants. In addition, these participants trained for a similar length of time and sessions as the participants in our single-location training study (Cavanaugh et al., 2019). However, SA-trained participants were able to recover fairly good discrimination performance at two blind-field locations at once. Thus, the overall training burden was reduced by about half in terms of the number of trials performed relative to single-location training. This finding suggests that multi-location training, when coupled with SA cues, can improve training efficiency. However, speed and reduced effort did not come with best quality. Final DD thresholds attained here (median of ∼18 °) were nowhere near intact-field levels (median of ∼2.5°), nor levels attained with single-stimulus training (Cavanaugh et al., 2019). Notably, participants in this prior study were trained at two separate blind-field locations each day, but in a blocked design (300 trials at one location, followed by another 300 trials at the second location), rather than with randomly alternating trials. That final performance in the 2019 study was better than what was observed in the present study is consistent with the fact that spatial uncertainty can be detrimental as well as with the notion that there may be a limitation to spatial attentional deployment in CB patients.

We do not know which training method and outcome is preferable for patients: coarser discrimination abilities at 2 blind-field locations vs. normal discrimination abilities at a single blind-field location. Unlike other visual impairments (e.g., glaucoma, macular degeneration), in which the magnitude of the impairment correlates almost linearly with a drop in quality of life (Mckean-Cowdin et al., 2007), the size of a CB deficit does not correlate well with quality of life (Papageorgiou et al., 2007; Gall et al., 2010). Instead, the location of the field cut appears more critical (Papageorgiou et al., 2007). However, it must be noted that clinically, measures of visual impairment in this population are often derived from automated luminance detection perimetry, rather than visual discrimination thresholds, making comparisons between our results and the above-mentioned studies difficult. As such, it remains unclear whether patients are better served by partially recovering discrimination thresholds faster, via SA training, or normal thresholds slower, via FBA training. An option is to design a training protocol that combines both training types, perhaps priming two locations to recover quickly with SA, then restoring normal thresholds with FBA cues. This idea is supported by the finding that with intact vision, FBA training benefits generalize to untrained locations and are long lasting (Hung and Carrasco, 2021).



Implications for Daily Living

A common question regarding training-induced recovery in CB is why patients do not recover discrimination abilities in their blind-field simply from being exposed to visual stimulation that arises in their day-to-day activities. Instead, extensive, focused training appears necessary to induce even modest improvements in visual performance. Our present findings, that splitting attentional resources between just two locations within a cortically-blind field (in the Neutral-trained protocol) fails to consistently attain recovery at either location, begins to address this question. Damage to the visual system may limit visual resources available for deployment across the visual field, making the limited information processed coarse and noisy. Thus, there may be insufficient gain to evoke perceptual learning and recovery from simple exposure. By directing limited resources toward a single location, either by only presenting single stimuli, or through endogenous SA manipulations, these barriers can be at least partially overcome.

People may thus benefit from training protocols that incorporate attentional cues, or from training designed—via pre-cues—to support the deployment of attention sequentially around the visual field (Green and Bavelier, 2006a). It may be tempting to consider that training with complex, naturalistic stimuli and environments, such as those generated using virtual reality or action video games (Green and Bavelier, 2003; Green and Bavelier, 2006a), may be more attractive as training tools than the reduced, simplistic and less entertaining psychophysical approaches used here. If “gamified” training protocols are able to improve working memory and cognitive control (Green and Bavelier, 2006b; Colzato et al., 2012) in CB, they could function to enhance a participant’s ability to recover. However, video game-based training often relies on specific properties of video games, e.g., an ability to deploy attention across the visual field, to quickly process visual information, and to switch between attention modes (Bavelier and Green, 2019). If CB patients, by the nature of their injury, are unable to perform under such conditions, then video game training may not be suitable for this population.




CONCLUSION

The present study showed, for the first time, that double-location training coupled with endogenous SA pre-cues is able to improve DD thresholds at two cortically blind locations simultaneously. Whereas this training was not able to restore DD thresholds back to normal, it induced meaningful improvements with a markedly reduced training burden compared to single-location training. Our findings show that attention manipulations can benefit training outcomes in CB patients. They also reveal a possible limitation in this population with respect to their ability to process multiple stimuli simultaneously without spatial cueing. Understanding both the capacity and limitations of visual processing in CB remains key for designing appropriate and maximally effective training protocols.
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Patient ID Age Gender Eyetested MD (tested/covered eye) IVF score

PO03 70 Meale Left —6.65/-26.26 14
P004 73 Male Right -19.84/-10.28 21
PO08 64  Male Left -1.42/-16.31 0
PO09 66 Female Right —4.86/-9.85 4
PoO10 69 Female Right —17.24/-6.96 10
PO13 41 Male Right —28.98/-28.96 88
PO14 72 Female Left -32.76/ -23.74 9
PO16 69 Male Left —16.45/-24.48 ”
PO21 78 Male  Right —-6/0.61 [
P022 65 Female Left -3.34/-1.56 0
P023 47 Female Left -524/-529

P025 78 Male Left -5.81/-20.23 12
P0O26 81 Male Right —249/-2.78

PO27 67 Male Left —23.58/-16.76 37
P028 60 Male Left —24.49/ -24.07 72
PO29 64 Male  Right Only FOT available na.
PO30 77 Male Left -17.99/-15.75 65
PO31 63 Female Right -8.68/-0.93 3
PO32 68 Female Right -6.21/-5.82 &
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Participant characteristics Controls Patients

Age range (in years) 35-83 40-81
Mean age (+SD) 60(10.39) 64 (12.19)
Gender (in percentage) male = 55% male = 55%
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Patient Sex Age Visual Field test Motion Blindsight status Cause Time since lesion
onset (months)

1 M 29 Esterman Positive R. occipital infarct 13

2 M 76 Humphrey snapshot Negative L. tumor resection 252

3 F 68 Humphrey Positive R. occipital/temporal hemorrhage 18

4 F 45 Humphrey Positive L. posterior cerebral artery stroke 19

5 M 68 Humphrey snapshot Negative R. posterior cerebral artery stroke 24

6 M 54 Humphrey Positive L. posterior cerebral artery + cerebellar stroke 18

7 M 60 Humphrey Positive R. posterior cerebral artery stroke 6

8 M 35 Humphrey Positive L. occipital infarct 12

9 M 69 Humphrey Positive L. posterior cerebral artery stroke 18

10 M 28 Humphrey Positive L. occipital infarct 156

11 M 55 Humphrey Negative R. posterior cerebral artery stroke 36

12 F 37 Humphrey Positive L. posterior cerebral artery stroke 7

13 F 41 Humphrey Positive L. posterior cerebral artery stroke 12
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Group

Technique Confidence Interval [lower boundary; upper boundary]
90% 96% 98% 99%

Controls pRF [-2.7; +1.9] [—4.6; +2.4] [-5.6; +2.7] [-6.5; +3.0]
MP [-2.2; +1.3] [—2.7; +1.5] [-2.9; +1.8] [-3.2; +2.0]

Patients pRF Healthy Hemisphere [-12.3; +0.7] [-15.5; +1.5] [-17.6; +1.9] [-19.3; +2.7]
Lesioned Hemisphere [-30.0; +2.7 [-30.0; +4.1] [-30.0; +5.5] [-30.0; +6.2]

MP Healthy Hemisphere [-8.7; +1.7] [-5.0; +2.3] [-6.1; +2.7] [-8.8; +3.0]

Lesioned Hemisphere [-10.5; +2.6] [-14.6; +3.6] [-18.5; +4.4] [-30.0; +5.2]

The VF sensitivities at the boundaries of the 90, 96, 98, and 99% Confidence Intervals (Cls), as estimated by the pRF and MP techniques, for the control hemispheres

and the healthy and lesioned hemispheres of the patient separately.
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Healthy Amount of voxels (in%) that have contributed to the MP Coverage Map

Left Hemisphere Right Hemisphere Left Early Visual Right Early Visual Left Extra Striate Right Extra striate
Average (%) 481 51.9 23.3 231 24.7 28.8
Patient Healthy Hemisphere Lesioned Hemisphere Healthy Early Visual Lesioned Early Visual Healthy Extra Striate Lesioned Extra Striate
P2 99.8 0.2 76.5 0 23.2 0.2
P3 72.9 271 56.3 16.7 16.6 10.4
P4 65.6 34.4 60.6 34.2 5.0 0.2
P5 84.2 15.8 69.2 7.9 15 7.9
P6 67.2 32.8 29.5 17.5 37.7 15.4
p7 51.5 48.5 20.6 22.6 31.0 25.9
P8 58.3 M7 25.7 20.0 32.6 21.7
P9 69.4 30.6 31.7 16.5 37.8 14.1
P10 66.6 33.4 35.2 181 31.4 15.3
P11 98.6 1.4 60.8 0.1 37.9 1.2
P12 70.6 29.4 27.2 14.7 43.4 14.7
P13 52.2 47.8 23.6 26.7 28.6 21.1

The three patients who were blindsight negative are highlighted. In each case the percentage is of the total contributing voxels across both ROIs and both hemispheres.
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A Quantile-Quantile plot of pRF- versus MP-based VF sensitivities
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B Scatter plot of pRF- versus MP-based VF sensitivities

Controls Patients

MP VF sensitivity
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0 -8 -6 -4 -2 0 2 4 30 25 -20 -15 -10 -5 0 5
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Good correspondence between fMRI-based VF reconstruction and perimetry
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Dates of evaluation for patient AJ and control participants. AJO represents the patient's first clinical encounter prior to study enrolliment and discontinuation of medical therapy.
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search, Covert Orienting of
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valid cueing spatial search
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time

a Traumatic brain injury.
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Healthy controls AJO AJ1 AJ2 AJ3

OD mean deviation (dB) —1.99+0.69 ~7.63 -6.57t -951t -9.65!
0S mean deviation (dB) —2.19+1.44 —10.08" -6.15" —13.35" —6.05"

Demonstrated here is the average perimetric mean deviation (in decibels, dB) for both healthy control participants (n = 10 total eyes) and patient AJ across all time points, with AJO
representing visual field data acquired on initial presentation just prior to study enroliment. Error measurements for the cohort of healthy controls are reported as standard deviation;
*p < 0.05, Tp < 0.01. Refer to Supplementary Tables 4, 5 for individual mean deviation values of all participants in the study reported both by eye and hemiretina.
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Eye Alltrials  Dad'sarmy Historyboys  Skicross
movement
feature

Saccademap  54.7% 50.0% 46.3% 50.0%
(36.8-63.2%) (31.6-63.2%) (26.3-63.2%) (36.8-63.2%)

Fixaonmap ~ 57.9% 54.2% 62.6% 50.5%
(47.4-78.7%) (42.1-68.4%) (47.4-79.0%) (31.6-68.4%)

VP map 52.6% 48.4% 47.4% 495%
(31.6-68.4%) (36.8-57.9%) (31.6-57.9%) (26.3-68.4%)

Using data of al three trials or each tral separately. In brackets, we show the minimum
and maximum acouracy achieved in the 10-fold cross validation.
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Feature Areaunder Youdenindex Sensitivity* Specificity* F1 score*

curve
PhNRmin 0.65 0.23 0.61 0.63 0.31
PhNR72 0.62 026 0.75 051 0.30
P-ratio 0.62 020 0.62 059 030
W-ratio 0.68 0.34 0.63 0.71 0.33

Analysis included one eye per subject. "values for optimal cutoff as determined using the
Youden index. PhNR, photopic negative response; ERG, electroretinogram.
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Optic Control eyes  Comparison
neuropathyeyes (0 =108unless  p (GEE)
(n =109 noted)
unless noted)

Age in years 489£17.2 400£153  p=0002
(mean = SD)

Female gender (n) 52 64 p=0.162
VAin logMAR 0.18(-0.3,6) 0(-02, 1) p < 0.0005
(median, range)

HVF-MD in dB —10.6+10.1 —14£219  p<00005
(mean +/- SD) =17 (=28

OCT RNFL in um
(mean +/- SD)

Acute 182+ 104 (1 = 21)

Chronic 69£14(1=63) 97+9(=381) p<0.0005
OCT GCL+PL in um
(mean +/- SD)

Acute 6417 (1=28)

Chronic 60£10(1=67) 81£11(1=29) p <0.0005
PANRrnin 11V —28%15 -87£18  p<00005
PhNRy2in 1V —14%17 -20£24 p =006
P-ratio 0.12:£0.10 017 £0.14 p=002
W-ratio 097 £0.15 1.01£0.13 p=0025

GEE, generalized estimating equation; VA, visual acuity; HVF-MD, Humphrey visual field
mean deviation; OCT, optical coherence tomography; RNFL, retinal nerve fiber layer; GCL,
ganglion cell layer; IPL, inner plexiform layer: PhNIR, photopic negative response.
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Group

X-mask

p =0.004° p =0.04° n.s.b

The diagonal displays the values of DSC of a specific X-mask (atlas-initial, atlas-corrected, CNN) compared to the corresponding X-maskmanual (0%: no overlap; 100%:
identical masks, i.e., complete overlap) for each of the test groups (10 HCP test-controls, 8 CHIASM controls, and 9 CHIASM PWA). A total of 10 specific statistical
tests were performed (corrected for familywise error using Bonferroni’s correction): four tests for cross-comparison of quality of X-maskKatias—initial @10 X-MasKatias—corrected
for two control groups (marked by symbol @), three tests for comparison of X-masKatias—corrected With X-maskcnn for all groups (marked by symbol ), and three tests
for cross-comparisons of X-maskcnn for all groups (marked by symbol ©). The p-values of the tests (either Wilcoxon rank-sum tests marked by symbol , or t-tests)
comparing group DSC scores are displayed on the intersection of respective rows and columns (non-significant: n.s.; absence of test: blank cell). Blue color — HCP
test-controls, yellow color - CHIASM controls, red color — CHIASM albinism.

TWilcoxon rank-sum tests.

aTests for cross-comparison of quality of X-masKatias—initial @10 X-Maskatias—corrected fOr two control groups.

bTests for comparison of X-masKatias—corrected With X-maskcnn for all groups.

CTests for cross-comparisons of X-maskgn for all groups.
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Metrics CHIASM albinism vs. CHIASM albinism vs.
CHIASM controls HCP test-controls

Accuracy 0.89 0.84

Precision 0.80 0.82

Recall (sensitivity) 1.00 0.9

Specificity 0.78 0.78
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Category Descriptor Task

Naturalness Natural ~ The scene is a natural environment.
Urban The scene is an urban environment.
Concealment Low You would be easily seen while standing in the scene,
and there are not many places to hide objects.
High The scene contains many accessible hiding places,
and there may be hidden objects.
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OCL no. Age Months after Lesion etiology VFD location BFl Line bisection Visual acuity iUFOV (ms)* Total VFQ
(years) lesion (mm) (logMar) scores™t
PO1 68 8 Ischemic L —0.39 0.2 -0.13 — 90
P02 26 295 Hemorrhagic R -0.25 0.9 -0.20 63 86.9
P03 52 51 Surgery (tumor) L —0.51 3.2 0.20 918 61.3
P04 71 20 Ischemic L —0.42 -0.9 0.08 372 63.9
PO5* 22 19 Surgery (tumor) L —0.58 2.2 -0.09 552 61.3
P06 63 20 Ischemic R -0.32 3.4 0.19 118 41
PO7 25 39 Surgery (cavernoma) R —-0.44 4.6 —-0.18 168 76.2
P08 70 30 Ischemic L —0.42 3.9 -0.10 — 971
P09 75 31 Ischemic L -0.20 0.9 0.23 278 78.3
P10 74 35 Ischemic R -017 0.1 0.23 278 77.5
P11 64 32 Ischemic R -0.33 2.9 -0.16 208 87.3
P12 60 30 Hypoxia L —0.43 7.5* -0.12 53 80.3
P13 36 84 Ischemic L —0.42 -2.0 -0.13 178 63.5
P14 50 151 Ischemic L —0.36 3.0 -0.15 108 91.5
P15 81 68 Ischemic L —0.53 —4.0 0.44 — 59.6
P16 70 33 Hemorrhagic L —-0.42 4.8 0.09 828 40.9
P17 48 161 Surgery (tumor) L —0.48 -0.5 -0.10 — 76.8
OCL (SEM) 56.2 (4.6) 58.6 (17.6) - - - 49(2.5) 0.00 (0.04) 370 (78) 72.6 (4)
Control (SEM)  56.9 (3.5) - = = = = —0.10 (0.07) 142 (16) 94.1 (1)
Stats (33)=0.13, (33) = —1.2, t(28) = —2.5, (33) = -5.8,
p=0.89 p=0.25 p=0.019" p < 0.001*

Line bisection is the deviation relative to VFD (positive values represent a deviation toward the defect).
Blind Field Index (BFI) reflecting the average blind field size as a fraction of the whole field.

Visual acuity (VA) is measured with the Freiburg test (Bach, 1996, 2007).

A logMar higher than 0.1 would be marked as below average.

OCL, occipital cortex lesion; VFD, visual field defect; iUFOV, useful field of view test in the intact field; VFQ, Visual Function Questionnaire; SEM, standard error of the mean.
+For full description of the iUFOV test and its correlation with VFQ, see Woutersen et al. (2020).

*p < 0.05.
**Humphrey low test reliability (see Supplementary Table 1).
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Control—mild
Control—moderate
Control—advanced
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Mild—advanced
Moderate —advanced

Statistically significant differences (p < 0.05) in bold letterpress.

Bin1

0.049
<0.001
<0.001
0.024
<0.001
0.109

Bin2

0.002
<0.001
<0.001
0.001
<0.001
0.115

Bin3

<0.001

<0.001

<0.001
0.001
0.001
0.729

p-value
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0.015
0.014
0.019
0.010
0.846
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0.527
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0.609
0.449
0.854
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0.147
0.978
0.121
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Control Mild Moderate Advanced p-value*
Number of eyes 58 32 15 29 -
Gender, % women 552 34.4 333 414 0.185
Age in years (range) 655 665 67.9 683 0.408
(50.9-85.1) (651.9-79.8) (651.9-79.8) (52.9-81.5)
SAP Mean deviation dB 02 -25 -96 -176 <0001
(range) (-161026) (-57t01.4) (-11610-69) (~25.810 ~12.36)

*Kruskal Wallis Test.





OPS/images/fnins-15-716273/fnins-15-716273-g003.jpg
Sensitivity (d")

Sensitivity difference
!
Control )

(dgist — d

C Quadrantanopia Hemianopia

3 ! T T
~-~¢--- Healthy controls
IVFD participants
- | ===¢=-- rVFD participants 1t
2t &= I i
'
£ = !
= doli’s /
— ° ",/'/',’/ /
.2 - &5 /'/' /
b e /
5 7 » o
0] o Jfyy°® -
1+ 7 1 I i o
l//‘,, / 7 f
0.4 . ’ /
1 ,/;{/ // 0/
0.2 \ " 1| L. 11 ¢+ 45
\ } i + &
(e \ - = ’zP 1 '/ /7
O T/ = = /
1 4 5
ﬁ ‘ﬂ i O i 1 1 1 1 | i i 1 1
A | - 2 5 10 25 2 5 10
0.4 L s _ SNR (dB) SNR (dB)
"2 5 10 25

SNR (dB)





OPS/images/fmed-08-679297/fmed-08-679297-g004.gif
Ra L
L
T
T
i) =~

AP sensitiviy (48)






OPS/images/fnins-15-716273/fnins-15-716273-g002.jpg
A Fixation (1000-1800 ms)
Task (16-300 ms)

Response (2000 ms)

Hemianopia ©

O
Rk
o
-
©

e
=
©
|

©
©
- |

&






OPS/images/fmed-08-679297/fmed-08-679297-g003.gif





OPS/images/fnins-15-716273/fnins-15-716273-g001.jpg
Decibel attenuation (dB)






OPS/images/fmed-08-679297/fmed-08-679297-g002.gif
ENEEEEL

e





OPS/images/fnins-15-716273/cross.jpg
3,

i





OPS/images/fmed-08-679297/fmed-08-679297-g001.gif
w0
w0 w0
"
w0






OPS/images/fmed-08-771713/inline_3.gif
I, = Cmaz(0,1- 8 x,)+ R(8)





OPS/images/fmed-08-679297/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-771713/inline_2.gif





OPS/images/fnins-15-651205/fnins-15-651205-g009.jpg
A O T T B 5
®
0.28 - . 4
)
0.26 {1 g3
=
— (o
E(: 0.24 E 2
=7
g 1
o 0.22 -
N
2 0
g o 0 10 20 30
° - # crowded sessions to plateau
B C 14
= sl
£018 12}
()
£ 10+
S0.16 - -
O 2
g 8r
>
0.14 g 6l
fr
4+
012+ ]
2t
0.1 L ' 0
0 10 20 30 -0.1 0 0.1 0.2

training sessions steepness learning curve (IogMAR)





OPS/images/fmed-08-771713/inline_1.gif





OPS/images/fmed-08-771713/fmed-08-771713-t003.jpg
Classifier Objective to Important parameters Precision (for “ON”) Recall (for “ON”) Accuracy F1

used ~sensitivity ~specificity Score
1NN DTW DTW distance - 064 072 065 068
SVM Linear Hinge loss - 0.63 0.79 0.63 0.70
RBF Kenel SYM  RBF distance Regularization 0.66 0.86 069 074

constant = 1.5, Gamma =
1/ (n_features x var(x)

RF Giniindex N_estimators = 200 078 or7 073 075

GB Binomial deviance N_estimators = 100 0.70 076 070 073

TSF Cross entropy N_estimators = 100 0.74 0.78 0.74 0.76

LSTMs Cross entropy N_layers =3, 0.46 078 068 058
Batch_size

Dropout = 0.6,
Hidden dims = 16,
Optimizer = Adam,
Learning_rate = 0.001
N_epochs = 100

Bold indicates best results. NN DTW, nearest neighbor dynamic time warping; SVYM, support vector machine; RBF Kernel SVM, support vector machine with a radial basis function
kernel: RF, random forest; GB, gradient boosting; TSF, time series forest; LSTMs, long-short term memory.
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Subjects Gender Age (years) Congenital cataracts eye Best-corrected visual acuity (logMAR) Light perception Age of onset

Right Left
CC 01 Male 4.5 Binoculus 0.30 0.30 Weak 0
CC 02 Female 1.5 Binoculus 0.60 0.60 Weak 0
CC 03 Male 8 Binoculus 0.49 0.49 Weak 0
CC 04 Female 13 Binoculus 1.70 1.70 Weak 0
CC 05 Male 9 Binoculus 0.49 0.49 Weak 0
CC 06 Male 7 Binoculus 1.52 1:.52 Weak 0
cC o7 Female 9 Binoculus 0.22 0.22 Weak 0
CC 08 Female 6.5 Binoculus 0.52 0.562 Weak 0
CC 09 Male 9 Binoculus 0.562 0.562 Weak 0
CC 10 Male 5 Binoculus 0.70 0.70 Weak 0
CC 11 Male 6.5 Binoculus 0.80 0.80 Weak 0
CcC 12 Male 1.5 Left eye 0.00 1.22 Weak 0
CC 13 Female 15 Left eye 0.00 0.52 Weak 0
CC 14 Female 8 Left eye 0.00 0.22 Weak 0
CC 15 Female 5 Left eye 0.00 1.00 Weak 0
CC 16 Male 10 Right eye 0.52 0.00 Weak 0
CC17 Male 7 Right eye 0.40 0.00 Weak 0
CC 18 Male 4 Right eye 0.82 0.00 Weak 0
CC 19 Male "4 Right eye 0.30 0.00 Weak 0
CC 20 Male 9 Right eye 0.40 0.00 Weak 0
CC 21 Male 7 Right eye 0.52 0.00 Weak 0
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Network Regions of interest BA Peak MNI coordinates (mm) z-scores
X Y z

SN rFIC 47 38 20 1 14.32
IFIC 47 —33 19 -1 12.21
ACC 24 —-25 1.5 38.5 14.48

CEN rDPC 9 48 22 45 15.64
IDPC 9 —43.5 235 415 12.35
rPPC 40 56 -50 43 14.87
IPPC 40 —43.5 —-52.5 49.5 11.41

DMN VPC 1 0 —48 —-15 14.08
PCC 23/30 -6 —49 29 13.36

PVCN rCAL 17 17.5 —99.5 45 121
ICAL 17 —-17.5 —99.5 4.5 13.65

HVCN rLING 19 13 —55 -2 14.54
rFFG 19 41 —62 —-18 13.54
rFFG 37 30 —47 —-12 10.96
IFFG 37 —-30 —47 —-12 12.05

BA, Brodmann’s area; MNI, Montreal neurological institute; SN, salience network; CEN, cerebellum network; DMN, default mode network; PVCN, primary visual cortex
network; HVCN, higher visual cortex network; rFIC, right frontoinsular cortex; IFIC, left frontoinsular cortex; ACC, anterior cingulate cortex; rDPC, right dorsolateral
prefrontal cortex; IDPC, left dorsolateral prefrontal cortex; rPPC, right posterior parietal cortex; IPPC, left posterior parietal cortex; VPC, ventromedial prefrontal cortex;

PCC, posterior cingulate cortex; rCAL, right calcarine cortex; ICAL, left calcarine cortex; rLING, right lingual gyrus; rFFG, fusiform gyrus; IFFC, fusiform gyrus.
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ROI Hemisphere Group Age Duration of Scotoma size Scotoma size Visual acuity = Reading Fixation Fixation
(two-sided)  disease (two-sided) (two-sided) (two-sided) speed (wpm) stability (2°) stability (4°)

(two-sided) Isopter lll/4e Isopter I/4e (one-sided) (one-sided) (one-sided)

FEF-m lh All r -0.505 0.100 0.129 0.202 -0.138 0.303 0.157 0.081
P 0.003 0.587 0.483 0.268 0.452 0.046 0.196 0.329
AMD r -0.532 -0.066 0.278 0.311 0.009 -0.009 0.097 0.502
I3} 0.092 0.846 0.407 0.353 0.978 0.490 0.389 0.058
JMD r -0.277 -0.122 -0.072 < 0.001 0.044 0.286 0.190 0.072
P 0.224 0.598 0.757 0.999 0.850 0.105 0.205 0.378
rh All r -0.648 0.118 0.126 0.205 -0.263 0.356 0.317 0.176
3] < 0.001 0.520 0.492 0.261 0.145 0.023 0.038 0.168
AMD r -0.425 0.020 0.275 0.337 -0.152 -0.003 0.391 0.527
p 0.192 0.954 0.412 0.311 0.655 0.497 0.117 0.048
JMD r -0.569 -0.141 -0.050 0.003 -0.072 0.280 0.296 0.267
P 0.007 0.543 0.830 0.990 0.757 0.109 0.096 0.121
FEF-I lh All r -0.613 -0.003 0.212 0.217 -0.322 0.291 0.223 0.166
p < 0.001 0.987 0.243 0.233 0.072 0.053 0.110 0.182
AMD r -0.729 -0.361 0.326 0.531 -0.362 -0.083 0.084 0.480
I3} 0.011 0.275 0.327 0.093 0.274 0.404 0.403 0.068
JMD r -0.435 -0.166 0.070 -0.055 0.012 0.262 0.306 0.252
I3} 0.049 0.472 0.762 0.813 0.958 0.125 0.088 0.135
rh All r -0.681 0.206 0.213 0.339 -0.290 0.174 0.188 0.085
p < 0.001 0.259 0.241 0.058 0.107 0.170 0.151 0.323
AMD r -0.761 -0.151 0.260 0.400 -0.167 -0.071 0.327 0.518
P 0.007 0.659 0.440 0.223 0.624 0.418 0.163 0.051
JMD r -0.533 0.098 0.089 0.203 -0.111 -0.002 0.105 0.113
P 0.013 0.672 703 0.378 0.633 0.496 0.325 0.312

SEF lh All r -0.502 0.140 0.146 0.286 -0.169 0.229 -0.013 -0.060
p 0.003 0.445 0.425 0.112 0.354 0.108 0.472 0.371
AMD r -0.545 -0.016 0.111 0.335 -0.082 -0.063 -0.170 0.132
p 0.083 0.963 0.746 0.314 0.810 0.427 0.309 0.350

JMD r -0.250 -0.061 0.043 0.150 0.064 0.128 0.010 -0.0003
I3} 0.275 0.793 0.854 0.517 0.784 0.290 0.482 0.499
rh All r -0.434 =-0.021 0.343 0.407 -0.114 0.133 0.351 0.298
I3} 0.013 0.910 0.054 0.021 0.536 0.234 0.025 0.049
AMD r -0.356 -0.011 0.326 0.540 0.302 -0.171 0.368 0.595
P 0.282 0.973 0.328 0.086 0.367 0.308 0.132 0.027
JMD r -0.338 -0.255 0.313 0.318 -0.291 0.073 0.350 0.350
I3} 0.133 0.264 0.167 0.160 0.201 0.377 0.060 0.060

PEF Ih All r =0.272 0.211 -0.160 0.015 =-0.209 0.221 -0.118 -0.203
p 0.133 0.246 0.383 0.937 0.252 0.112 0.261 0.133
AMD r -0.443 -0.538 0.396 0.085 -0.579 -0.175 -0.421 -0.371
I3} 0.172 0.088 0.228 0.804 0.062 0.303 0.099 0.130

JMD ¥ -0.179 0.425 -0.371 -0.066 0.147 0.285 0.459 -0.125
P 0.437 0.055 0.097 0.775 0.525 0.106 0.459 0.295

rh All r -0.449 -0.273 0.025 0.198 -0.346 0.273 -0.016 -0.126
p 0.010 0.130 0.891 0.279 0.052 0.066 0.465 0.247

AMD r -0.618 =0.277 0.312 0.416 -0.397 -0.433 -0.079 -0.213
P 0.043 0.410 0.351 0.203 0.226 0.092 0.408 0.264

JMD r -0.531 -0.386 -0.084 0.121 -0.296 0.462 -0.004 -0.077
P 0.013 0.084 0.718 0.600 0.193 0.018 0.494 0.370

Significant results are shown in bold font. No correction for multiple comparison was applied to the p-values. Sample sizes were All: N = 32; AMD: N = 11; JMD: N = 21.
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Duration of  Scotoma size Scotoma size Visual  Reading Fixation Fixation
disease Isopter lll/4e Isopter I/4e acuity speed stability (2°)  stability (4°)
All patients (N = 32)
Age r -0.103 -0.032 -0.182 0.408 -0.553 -0.187 0.005
P 0.576 0.862 0.319 0.021 0.001 0.305 0.977
Duration of disease r -0.059 0.116 0.174 0.070 -0.108 -0.288
3] 0.747 0.526 0.340 0.705 0.575 0.109
Scotoma size r 0.748 -0.366  -0.341 -0.015 -0.019
(lll/4e)
p <0.001 0.039 0.056 0.937 0.918
Scotoma size r -0.462 -0.214 -0.163 -0.287
(1/4e)
P 0.008 0.240 0.372 0.111
Visual acuity r -0.162 0.315 0.362
p 0.376 0.079 0.042
Reading speed r -0.047 -0.156
P 0.799 0.393
Fixation r 0.882
stability (2°) b <Gt
AMD (N = 11)
Age r 0.492 -0.229 -0.372 0.535 0.032 -0.008 -0.180
p 0.125 0.499 0.260 0.090 0.925 0.981 0.597
Duration of disease r -0.330 <0.001 0.759 -0.377 0.505 0.219
p 0.822 1.00 0.007 0.254 0.113 0.518
Scotoma size r 0.558 -0.2568 0.351 -0.144 0.153
(lll/4e)
3] 0.078 0.443 0.290 0.672 0.654
Scotoma size r <0.001 —0.271 0.389 0.486
(1/4e)
p 1.00 0.421 0.236 0.130
Visual acuity r -0.273 0.392 0.296
P 0.417 0.233 0.376
Reading speed r -0.187 0.105
P 0.582 0.758
Fixation r 0.800
stability (2°) 5 0.003
JMD (N = 21)
Age r 0.282 0.277 0.143 0.062 -0.481 -0.237 -0.237
I3} 0.216 0.224 0.535 0.791 0.027 0.301 0.301
Duration of disease r -0.152 -0.025 0.249 -0.082 -0.325 -0.314
p 0.509 0.913 0.277 0.725 0.151 0.166
Scotoma size r 0.754 -0.380  -0.621 -0.012 0.016
filt/s) p <0.001 0.089  0.003 0.959 0.945
Scotoma size r -0.609 -0.420 -0.310 -0.342
(174e) p 0003 0058 0.171 0.129
Visual acuity r 0.113 0.400 0.357
P 0.626 0.072 0.112
Reading speed r -0.067 -0.101
3] 0.774 0.663
Fixation r 0.955
stability (2°)
o <0.001

Significant results are shown in bold font. No correction for multiple comparison was applied to the p-values.
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Statistical summary of regions

of interest whose

PRF responses

overlap with

scotoma (voxels from lesioned hemisphere) or corresponding portion in intact visual
field from intact hemisphere). We compared the distributions of r?-values of the
healthy and stroke ROls using a Kolmogorov-Smirnov test. Only pRF responses
from uniquely identified functional voxels were used. Rows, regions of interest
identified from probabilistic atlas. Columns, D statistic and corresponding p-values
for each ROl in each participant. The null hypothesis, Hy, for this test is that
r2-values in the healthy/stroke ROIs come from the same distribution. N.S., not
significant at a = 0.01. Dashes denote ROls for which there were no overlapping
PRF responses in either the healthy or stroke hemispheres.
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Participant Visual field Pattern defect (dB) Mean deviation (dB)
ID defect

Left eye Right eye Left eye Right eye

11773 Hemianopia 17.42 18.71 —20.31 —14.59
13978 Quadrantanopia 7.34 9.1 0.04 -0.12
14196 Hemianopia 22.01 21.22 3.89 3.74
14326 Quadrantanopia  12.39 11.02 268 2.71

Statistical summary of static perimetry results. The pattern defect is based on
spatial correlation, measuring the clustering and depth of the defect. The overall
defect, taken as the mean difference between the age normal hill of vision (HoV)
and each participant’s HoV.
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Participant ID Sex Agel/years (at the time of Visual field defect Affected side of Years since stroke Presence of spatial
scanning) visual field neglect

11773 F 33 Hemianopia Right 5 No

13978 M 73 Quadrantanopia Left 1 No

14196 F 60 Hemianopia Right 25 No

14326 M 71 Quadrantanopia Left 3 No
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Characteristics

Age ()
Male sex
10P (mmHg)
oD
os
Mean
NFI
oD
os
Mean
VFMD (dB)
Worse eye®
Better eyet
Mean

POAG (n = 12)

60.6(7.1)
6(50%)

15.5(.6)
14.74.7)
15.1(4.5)

50.5(24.5)"
46.7(27.6)"
48.6(11.6)

—13.3@.1)
—1.5(1.5)
—6.9(4.7)"

Time-point 1

Controls (n = 14)

62.88.0)
8(57.1%)

14.8(3.1)
14.58.1)
14.7(3.0)

25515.0)t
19.50.3)
225(11.0)t

Group difference P

0.469
0.716

0.688
0.906
0.792

0.006
0.013
<0.001

Time-point 2

POAG (n =12) Controls (n = 14) Group difference P

66.5(7.2) 67.4(7.4) 0979
6(50%) 8(57.1%) 0716
12.9(33) 12.28.2) 0.954
18.004.7) 131.7) 0588
12.9(35) 12.78.9) 0.846
57.9(21.3) 25.9(11.0) <0.001
53.8(27.8) 22.1(8.5) 0.002
55.9(16.2) 24.00.0) <0.001
~1450.7) - .
~3.365.1) - -
-8.96.1) -

Values are presented as mean (SD) or number (%). IOF, intraorbital pressure; NFI, nerve fiber indiicator; OD, right eye; OS, left eye; VFMD, visual field mean deviation.

“Two missing data points.
1tOne missing data point.

*Worse/better refers to eye with more/less negative VFMD values. Bold values represent statistically significant p-values.
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Pre-training Post-training
Participant Randot Eyetracked-RDS Contour Randot Eyetracked-RDS Contour Comments
Shapes/Circles (global stereograms Shapes/Circles (global stereograms
stereo)-Near/Far (local stereo)* stereo)-Near/Far (local stereo)*
012 Nil/200” >900"/>900" >900" Nil/Nil+ >900"/>900" 816" No depth feeling
013 Nil/Nil >900"/>900" >900” Nil/Nil >900"/>900" 821" No depth feeling
014 Nil/25” >900"/>900" >900” Nil+/Nil+ 414"/>900" 523" No depth feeling
pre-training, depth
popped out
post-training for
Eyetracked-RDS
but not in everyday
life
015 500"/ Nil >900"/>900" 84" 500"/50" 202"/480" Bzt No depth feeling
pre-training, depth
popped out
post-training for
Eyetracked-RDS
but not in everyday
life
016 Nil/Nil >900"/>900" 103” Nil/Nil+ >900"/293" 44" No depth feeling

+ This participant obtained an equal or better non-nil level with the test rotated 90°, demonstrating their use of binocular non-stereoscopic cues.

* Thresholds for the first and last trials are calculated from the probit-derived model.
Nil: null performance—for analyses of Eyetracked-RDS and contour-stereogram results, the value 900" was used where we indicated >900".

pre-training,
popped out during
training, transferred
post-training to far
depth in everyday
life when fusion is
voluntarily achieved
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Code  Age/Sex Amblyopia Refraction at 3m  Snellen acuity Snellen acuity Tropia Comment Training
type/eye distance Pre-training Post-training days/hours/trials
012 23/F Mixed/OS OD: OD: 20/20-2 OD: 20/20+1 Dist.: 8 ALXT 18/15.7/11,683
Plano—0.50 x 165  OS: 20/100+1 OS: 20/100+1 Near: 4 ALXT
0Os:
+2.75—-1.00 x 1565
013 26/M Strabismic/OD OD: OD: 20/160—1 OD: 20/160—1 8ARHyperT 10/9.1/6,832
+1.76—-1.756 x 180  OS: 20/20—1 OS: 20/20—1
OS:
+1.25—-2.00 x 180
014 25/F Anisometropic/OS OD: OD: 20/20+2 OD: 20/16+1 Ortho 15/14.1/8,820
—0.25—-0.756 x 180  OS: 20/63+2 OS: 20/63+1
0OsS:
+4.50-5.25 x 180
015 30/F Strabismic/OS OD: OD: 20/25-1 OD: 20/20+-2 Dist.: Ortho Microstrabismic 13/10.8/9,100
+0.25—-0.50 x 45 0S: 20/80 OS: 20/100+1 Near: 2ALET
OS:
—0.50—-1.00 x 143
016 44/F Mixed/OS OD: Plano OD: 20/12.5-1 OD: 20/16-2 Ortho Microstrabismic 11/8.4/4,900
0OS: 0OS: 20/50—-1 0OS: 20/50-2 (from 4 ABO test)

+2.26—-2.00 x 70
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Dimension Participant group Modality Mean score Statistical Chi-square Kendall’s coefficient
(SD) significance value of concordance (W)
Competence Controls VR 4.61 £0.66 Yes, p = 0.006 ¥2 (2)=10.125 0.241
Screen-based eye tracker 4.09 £ 0.99
SAP 3.66 +1.19
Glaucoma VR 4.86 +£0.35 Yes, p < 0.001 %2 (2) = 16.933 0.56
Screen-based eye tracker 4.06 £0.79
SAP 3.33 £0.97
Neuro VR 4.58 £+ 0.61 Yes, p = 0.001 %2 (2) = 14.893 0.438
Screen-based eye tracker 3.76 £0.9
SAP 3.35 +£0.86
Perspicuity Controls VR 4.95 £0.21 No, p = 0.202 ¥2 (=382 0.076
Screen-based eye tracker 4.85 +£0.47
SAP 4.76 +£0.53
Glaucoma VR 5+0 No N/A N/A
Screen-based eye tracker 5+0
SAP 5+0
Neuro VR 5+0 No, p = 0.368 ¥2(@=2 0.059
Screen-based eye tracker 494 +£0.24
SAP 4.94 +£0.24
Immersion Controls VR 4.71 £0.56 Yes, p < 0.001 %2 (2) =20.485 0.488
Screen-based eye tracker 4.14 £0.957
SAP 3.33 £0.96
Glaucoma VR 4.8 £0.41 Yes, p < 0.001 ¥2 (2) = 18.585 0.62
Screen-based eye tracker 4 +£0.75
SAP 3.26 +£0.88
Neuro VR 4.7 £0.46 Yes, p = 0.001 ¥2 (2) = 14.292 0.42
Screen-based eye tracker 3.76 £0.9
SAP 3.52 +£0.94
Comfort Controls VR 4.57 £0.87 Yes, p = 0.025 ¥2 (2)=7.396 0.176
Screen-based eye tracker 404 £1.2
SAP 3.9 +£0.94
Glaucoma VR 4.87 £0.35 Yes, p = 0.035 %2 (2) = 6.706 0.224
Screen-based eye tracker 4.6 +0.63
SAP 4.46 +£0.63
Neuro VR 4.76 £0.43 No, p = 0.309 ¥2 (2)=2.348 0.069
Screen-based eye tracker 4.52 +£0.71
SAP 4.47 £0.79
Aesthetics Controls VR 4.76 £0.62 Yes, p=0.08 Y2 (2)=11.388 0.271
Screen-based eye tracker 4.09 £1.13
SAP 3.85 +1.01
Glaucoma VR 4.93 £0.25 Yes, p = 0.002 ¥2 (2) = 12.621 0.421
Screen-based eye tracker 4.4 4+0.73
SAP 4 +1.06
Neuro VR 4.82 +£0.39 Yes, p = 0.001 Y2 (2)=14.6 0.42

Screen-based eye tracker

411 +£1.11

SAP

3.7 £1.04
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Assigned cluster

All the controls were correctly clustered. However, three of the glaucoma subjects
were assigned to the Control cluster, and one subject, each from the glaucoma
and neuro-ophthalmic group, was misclassified to the other group, respectively.
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Patient ID Age Gender Time since stroke Deficit side  Training Target locations Visit 1-2 # Training sessions  Completed
(months) type (x, y) center interval at target locations study?
coordinates (months)

CB1 62 F 17.1 R SA 5)/(4, - ) 2.9 80 Yes
cB2 78 M 6.0 L SA ( 5)/(-7, — 16.6 85 Yes
cB3 50 M 401 R SA ( 5)/(3, 5) 12.1 266 Yes
CB4 73 M 10.2 L SA (3, 10)/(-3, 5) 18.7 188 Yes
CB5 26 F 18.1 L SA (8, 5)/(-5, 10) 13.0 143 Yes
CB6 61 M 5.7 L SA 7 ,—5)/(—1 6,-10)  NA N/A No
Mean + STD 58.3 +18.6 16.2 + 12.9 12.7 £6.1 152 + 77

cB7 21 M 48.9 Bilateral Neutral (-4, 5)/(-3, -5) 16.2 113 Yes
cBs 51 F 52.2 L Neutral (4, 10)/(-4, 5) 7.1 67 Yes
CB9 51 M 13.1 L Neutral (4, 10)/(-5, 5) 8.0 69 Yes
CB10 49 M 6.0 R Neutral (1, 5)(11, -5) 4.0 76 Yes
CBi1 71 M 6.8 L Neutral (8, 10//(-4, 5) N/A N/A No
CcBi2 53 M 34.1 L Neutral (-4, 10)/(-4, 5) N/A N/A No
Mean + STD 49.3 + 16.1 26.9+21.0 88452 81 + 21

Age and time since stroke are calculated for the date of enrollment. Shaded cells indicate patients who failed to complete their training and return for post-training tests.
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Assigned cluster

The clinical data is used for comparison with ground truth. In the control group,
all participants were correctly clustered. Among the patients, the neuro-ophthalmic
group had a single false positive, which actually belonged to the glaucoma group.
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Instruction - for each question, please tick the relevant box

1.

| found the test easy to perform:
1) SAP - HFA
2) EMC - eyetracker — Tobii
3) EMC - virtual reality — FOVE
| understood the test instructions clearly:
1) SAP - HFA
2) EMC - eyetracker — Tobii
3) EMC - virtual reality — FOVE

It was easy to focus on the given task:
1) SAP —HFA
2) EMC - eyetracker — Tobii
3) EMC - virtual reality - FOVE
| felt comfortable during the task (physical or otherwise):
1) SAP —HFA
2) EMC - eyetracker — Tobii
3) EMC - virtual reality - FOVE
Overall, | found the test enjoyable:
1) SAP —HFA
2) EMC - eyetracker — Tobii
3) EMC - virtual reality - FOVE
Please rank the tests from most attractive to least
attractive (most attractive — 1, attractive — 2, least
attractive — 3)

Strongly disagree (1)

ooo oog oog

oog

O
O
O

SAP-HFA

Disagree (2)

oogd ooo oog oogd

ood

Neutral (3)

ooo oogd oogd

oog

O
O
O

EMC-Tobii

For questions 1-5, participants had to tick the appropriate box, while for the last question, they had to rank the setups.
SAR, standard automated perimetry; HFA, Humphrey Field Analyzer; EMC, eye movement correlogram.

Agree (4)

oog ooo oogd oogd

oog

Strongly agree (5)

ooo oog oog

oog

O
O
O

EMC-FOVE
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Characteristics Neuro- Glaucoma Controls

ophthalmological (N =15) (N=15)

disorders (N = 15)
Age (year) 31.8 (11.55) 40.33 (12.1) 32.93(10.22)
Age range (year) 18-56 26-67 23-61
Male (sex) 9 (60%) 9 (60%) 11 (73.3%)
BCVA 0.78 (0.27) 0.89 (0.16) 1(0)
BCVA range 0.16-1 0.67-1 1
Subtypes Optic neuritis (n = 4) PACG (n = 6)

Papilledema (n = 3) NTG (n = 3)

Pituitary adenoma POAG (n = 2)

n=2)

IH(n=2) Secondary

glaucoma (n = 2)
TON (n = 1) JOAG (n=1)
Diffused astrocytoma GON (n=1)

(n=1)
Optic atrophy (n = 1)
LHON (n =1)

The values are represented as mean (SD) or number (%). There were no statistically
significant differences between the means of the three age groups as determined
by one-way ANOVA [F(2,42) = 2.5128, p = 0.093].

IIH, idiopathic intracranial hypertension; TON, toxic optic neuropathy; LHON,
Leber’s hereditary optic neuropathy; JOAG, Juvenile open angle glaucoma; GON,
glaucomatous optic neuropathy.
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Correlation coeffificient P-value

PLD=15s T RCP 0.680™ <0.001
ONH 0.458* <0.001

ON 0.385* <0.001

oL RCP 0173 0.048

ONH 0.139 0.113

ON 0.096 0.272

PLD=25s T RCP 0.329" 0.000
ONH 0.280* 0.001

ON 0.147 0.095

oL RCP 0.239 0.006

ONH 0.403* <0.001

ON 0244 0.005

BF, blood flow; RCP: refina/choroid plexus; ONH, optic nerve head; ON, optic nerve; TL,
temporal lobe; OL, occipital lobe; VD, vessel density; PD, perfusion density; *P < 0.05;
‘P < 0.001.






OPS/images/fmed-08-682708/fmed-08-682708-t004.jpg
BF RCP(PLD = 1.5¢)
ONH(PLD = 1.5¢)
ON(PLD = 1.55)
ON(PLD = 2.55)

) Macuiar
Peripapilary

PD Macular
Peripapilary

Unstandardized coefficients

-0.172
—0.004
—-0.100
—-0.100
-0.346
-0.427
-13.173
-156.732

Standard error

0.049
0.035
0.039
0.032
0.104
0.132
4.041
4.788

0.000
0.006
0.010
0.002
0.001
0.001
0.001
0.001

OR

0.842
0.910
0.905
0.905
0.707
0.652
0.000
0.000

Lower bound

0.764
0.851
0.839
0.849
0.577
0.504
0.000
0.000

95% Cl

Upper bound

0.927
0.974
0.976
0.964
0.867
0.845
0.005
0.002

PDR, proliferative diabetic retinopathy; BF, blood flow; RCP, retina /choroid plexus; PLD, post labeling delays; B, regression correlation coefficient; OR, odds ratio; Cl, confidence interval.
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PD Macular
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BF+VD RCP(PLD = 1.5 )+ Macular

RCP(PLD = 1.5 8)+Peripapilary

PDR, proliferative diabetic retinopathy; BF, blood flow; RCP, retina /choroid plexus; PLD, post labeling delays; AUC, area under the curve; Cl, confidence interval.
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Group PDR Group NPDR P

(=72 (n = 60)

Age (years) 60.01 +7.09 5822 +8.33 0.183
Gender (Male/Female) 38/34 38/22 0222
BOVA, logMAR 033 0.45 024 +0.30 0201
0P (mmHg) 15.06 =354 15,60 £2.56 0279
BMI 25.44 +£2.28 2530 £2.88 0.725
MABP 98.00 + 8.47 99.56 +9.10 0.323
HBP (Yes/No) 50/22 36/24 0.257
CHD (Yes/No) 4/68 4/56 1.000
Cl (Yes/No) 15/57 13/47 0.907
Smoking (Yes/No) 28/44 26/34 0.605
Drinking (Yes/No) 20/52 18/42 0779

BCVA, best-corrected visual acuity; IOR. intraoculer pressure; BMI, body mass index;
MABR, mean arterial blood pressure; HBR, high blood pressure; CHD, coronary heart
disease; Cl, cerebral infarction.
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3D-PcASL Field of view GroupPDR  Group NPDR 13
(n=74) (n=56)
BF (mUmin/100g, RCP 7194330 993£526 <0.001"
PLD =1.55) ONH 7784438  1023+653  0.006"
ON 7124318  924£653 0011
T 12414728 1378£7.69 0303
oL 12894984 1118870 0307
BF (mUmin/100g, RCP M1 £531 1213483 0.172
ONH 11804658 1314£516 0115
ON 10434531 1391+686 0001
T 21642999 2247829 0622
oL 2846+ 1125 80.43+10.55 0326
ocTA Group PDR  Group NPDR P
(n=235) (n=40)
Vo Macular 1237 £2.68 14.74£254 <0.001
Peripapilary  14.38£2.89 1651167 <0.001*
PD Macular 030+£0069 0.36+0085 <0.001
Peripapilary 0360084 04240039 <0.001*

BF, blood flow; RCR, retina /choroid plexus; ONH, optic nerve head; ON, optic nerve; TL,

temporal lobe; OL, occipital lobe; VD, vessel density; PD, periusion densi

‘P < 0.001.

P < 0.05;
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The result of the hyperparameter tuning for the SVM (linear) was a cost of 0.316.
Cost represents the penalty given for misclassification: a higher cost allows less
misclassification when drawing the decision boundary.
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Controls—AD
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Eye tasks
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HC—AD

Eye tasks
Eye-hand tasks

Algorithm

Baseline

SVM (linear) (C = 0. 579)
Baseline

SVM (linear) (C = 0.369)
Baseline

ANN (6 neurons) (Default)
Baseline

SVM (linear)

SVM (linear)
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SVM (linear)

SVM (linear)
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63%
77 +16%
46%
78 £ 16%
63%
61+17%
63%
64 + 8%
77 +18%
46%
70+ 13%
81 +14%

Sensitivity

0%

57 +34%
30%
71 +£22%
0%

39 £ 39%
0%
3+11%
60 £31%
30%
43 +25%
76 +21%

Specificity

100%
90 £ 16%
70%
84 +20%
100%
75 + 25%
100%
100 £ 0%
88 +17%
70%
96 £ 10%
86+ 17%

AUC

0.50
0.74 +£0.18
0.50
0.78 + 0.16
0.50
0.66 £0.25
0.50
0.51 £0.50
0.74 £ 0.19
0.50
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Controls (actual) 90% 10%
MCI (actual) 43% 57%
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AD (actual) 29% 71%
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Parameter

N

Male
Female
Age

Age range
MMSE

Controls

37
22 (59.45%)
15 (39.55%)
75.9 (6.3)
65-84
29 (1.86)

MCI

22
12 (54.55%)
10 (45.45%)
75.5 (7.1)
65-90
24 (2.79)

AD

37
20 (54.05%)
17 (65.95%)
73.7 (4.77)
63-88
23 (4.28)
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HC—MCI HC—AD MCI—-AD
Variables 1G Variables IG Variables G
Hand movement time (stimulus 1) (ST)*** 0.187 Hand latency (PT)*** 0.190 Hand latency (PT)™** 0.165
Hand movement time (stimulus 2) (ST)*** 0.157 Hand latency (stimulus 2) (ST)** 0.186 Pupil latency (AS) 0.028
Eye touch interval (stimulus 1) (ST)*** 0.110 Hand movement time (stimulus 1) (ST)** 0.161 Hand total distance (ASAT) 0.005
Eye touch interval (stimulus 2) (ST) 0.077 Hand movement time (PT) 0.132 Hand error (AT) 0.004
Hand error (ASAT)** 0.048 Eye-hand interval (PT)*** 0.126 Hand movement time (AT) 0.004
Eye latency (ASAT) 0.034 Hand latency (stimulus 1) (ST)** 0.118 Hand latency (AT) 0.004
Eye latency (AS) 0.113 Hand maximum velocity (ASAT)* 0.003
Hand movement time (stimulus 2) (ST)*™** 0.108 Hand maximum velocity (AT) 0.002
Eye touch interval (stimulus 1) (ST)** 0.097
Pupil latency (AS) 0.077
Saccadic error (PS)** 0.067
Anticipation (stimulus 2) (ST) 0.016
HC—MCI (SVM) HC—AD (SVM)
Variables Merit Variables Merit
Number of saccades (PT) 0.034 Hand latency (PT)*** 0.030
Hand latency (AT) 0.027 Hand latency (AT) 0.022
Hand total distance (ASAT)* 0.020 Number of saccades (PT) 0.022
Hand maximum velocity (ASAT)* 0.014 Pupil latency (AS) 0.016
Hand movement time (AT) 0.014 Eye-hand interval (PT)™** 0.014
Hand error (PT) 0.014 Eye latency (AS) 0.014
Eye-hand interval (stimulus 1) (ST)*** 0.014 Pupil latency (PT)* 0.011
Number of saccades (PS) 0.014 Amplitude Click up-Click down (PT)* 0.011
Fixation error (PS) 0.010
Eye latency (PT) 0.010
Saccadic error (PS)*™* 0.010
Amplitude Click up- Click down (PT)* 0.010

See Figures 1, 2 for the task name abbreviations. * indicates the variable was significantly different between the groups in that dataset ("p < 0.05; *p < 0.01, **p < 0.001).
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138 £ 51 mm
716 +£ 285 ms
740 £+ 953v
15.9+72mm
248 £ 74 ms
730 £ 115 ms
477 £ 79 ms
506 + 100 ms

Range: 1-2 trial(s)

496 + 106v
104 + 46

*Only 3 MClI patients had valid data and were there excluded from all analyses for these measures.

MCI (mean + SD)

2.7 + 1.3deg
4.5 + 1.6deg
3.1 +1.0
17.0 + 4.3deg
251 £ 75 ms
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25.1422m
20+0.7

*
*

*

24.4 +£21.8mm
305 + 108 ms
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663 + 1656 ms
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*

82 + 82

AD (mean =+ SD)

2.7 £1.7deg
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81414
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459 + 183v
153 + 31





OPS/images/fnins-15-654003/fnins-15-654003-t004.jpg
Algorithm

Baseline (Zero rule)
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Decision tree
SVM (linear
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SVM (polynomial
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Accuracy

62%
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Specificity

0%
62 £+ 25%
63 £+ 25%
62 £ 24%
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0+£0%

The abbreviation RBF stands for radial basis function kernel.
The two models in bold are the best performing models.

AUC

0.50
0.76 £ 0.16
0.76 £ 0.16
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0.82+0.15
0.78 £ 0.16
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Area Grey matter volume p-Value Surface area p-Value

VA 0.006 0.008
V2 0.019 0.004
V3 0.024 0.007
V3a 0.317 0.091
V3b 0.339 0.175
TO1 0.438 0.046
TO2 0.117 0.101
V4 0.029 0.033
VO1 0.297 0.224
vO2 0.939 0.580
LOA 0.170 0.015
LO2 0.156 0.076

Significance is illustrated by boldface.
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No Central Peripheral Hemifield  Average
loss loss loss loss
Accuracy TFCE ~ 0.9455 0.3122 0.8664 0.7435 0.7169
Accuracy RNN 0.9070 0.8066 0.9429 0.9555 0.9030
IQR TFCE 0.0693 0.1651 0.1038 0.1138 0.1141
|IQR RNN 0.0693 0.1863 0.0303 0.0268 0.0782
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Source df1, df2 F P Effect size

Grey matter volume

Participant group (A) 1,43 4.87 0.033 0.10
ROI (B) 4.22,181.56 3.63 0.006 0.08
Scanner site (C) 2,43 0.61 0.549 0.03
Age (D) 1,43 1.10 0.299 0.03
Gender (E) 1,43 0.30 0.587 0.01
Global volume (F) 1,43 0.95 0.335 0.02
Ax B 4.22,181.56 4.85 0.001 0.10
AxC 2,43 0.02 0.976 0.00
AxE 1,43 0.00 0.963 0.00
AxBxC 8.44,181.56 0.39 0.934 0.02
AxBxE 4.22,181.56 0.86 0.492 0.02
AxCxE 2,43 0.08 0.920 0.00
AxBxCxE 8.44,181.56 0.30 0.968 0.01
BxC 8.44,181.56 1.19 0.308 0.05
B x D 4.22,181.56 214 0.074 0.05
B & E 4.22,181.56 0.53 0.723 0.01
BXF 4.22,181.56 0.48 0.764 0.01
BxCxE 8.44,181.56 2.64 0.008 0.11
CxE 2,43 0.77 0.471 0.03
Cortical thickness

Participant group (A) 1,43 0.00 0.962 0.00
ROI (B) 11.00, 473.00 1.11 0.352 0.03
Scanner site (C) 2,43 0.86 0.432 0.04
Age (D) 1,43 0.03 0.861 0.00
Gender (E) 1,43 0.20 0.658 0.01
Global thickness (F) 1,43 0.51 0.478 0.01
AxB 11.00, 473.00 1.65 0.112 0.04
A x C 2,43 0.66 0.522 0.03
AxE 1,43 0.00 0.948 0.00
AxBxC 22.00, 473.00 0.85 0.666 0.04
AxBxE 11.00, 473.00 0.61 0.823 0.01
AxCxE 2,43 2.94 0.064 0.12
AxBxCxE 22.00, 473.00 0.68 0.862 0.03
BxC 22.00, 473.00 0.79 0.746 0.04
B x D 11.00, 473.00 0.65 0.783 0.02
BxE 11.00, 473.00 0.54 0.875 0.01
BxF 11.00, 473.00 0.86 0.582 0.02
BxCxE 22.00, 473.00 0.50 0.975 0.02
C xE 2,43 3.68 0.033 0.15
Cortical surface area

Participant group (A) 1,43 7.52 0.009 0.15
ROI (B) 2.26,97.28 272 0.064 0.06
Scanner site (C) 2,43 0.34 0.712 0.02
Age (D) 1,43 1.79 0.188 0.04
Gender (E) 1,43 0.20 0.656 0.01
Global surface area (F) 1,43 0.71 0.403 0.02
A x B 2.26,97.28 6.62 0.001 0.13
Ax C 2,43 0.03 0.968 0.00
AxE 1,43 0.10 0.749 0.00
AxBxC 4.53,97.28 0.10 0.989 0.01
AxBxE 2.26,97.28 0.81 0.459 0.02
AxCxE 2,43 0.62 0.5642 0.03
AxBxCxE 4.53,97.28 0.46 0.788 0.02
BxC 4.53,97.28 0.71 0.601 0.03
B x D 2.26,97.28 2.89 0.054 0.06
BxE 2.26,97.28 0.05 0.967 0.00
B x F 2.26,97.28 0.61 0.565 0.01
BxCxE 4.53,97.28 2.35 0.052 0.10
CxE 2,43 0.27 0.765 0.01

Effect size shown is partial eta-squared. Huynh-Feldt correction applied to correct
for violation of sphericity. Significance is illustrated by boldface.
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