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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.
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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.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the ethics board of the University Medical Center Groningen. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SH: conceptualization, methodology, validation, formal analysis, investigation, data curation, writing - original draft, and visualization. NJ: conceptualization, resources, writing - review and editing, supervision, and funding acquisition. FC: conceptualization, resources, writing - review and editing, supervision, project administration, and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

SH was supported by The Graduate School of Medical Sciences (GSMS), University of Groningen, The Netherlands. This project has received funding from the European Union's Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No. 675033 (Egret-plus). The funding organizations had no role in the design, conduct, analysis, or publication of this research.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2021.630898/full#supplementary-material



REFERENCES

 Andersson, J. L. R., Skare, S., and Ashburner, J. (2003). How to correct susceptibility distortions in spin-echo echo-planar images: application to diffusion tensor imaging. Neuroimage 20, 870–888. doi: 10.1016/S1053-8119(03)00336-7

 Andersson, J. L. R., and Sotiropoulos, S. N. (2016). An integrated approach to correction for off-resonance effects and subject movement in diffusion MR imaging. Neuroimage 125, 1063–1078. doi: 10.1016/j.neuroimage.2015.10.019

 Bolacchi, F., Garaci, F. G., Martucci, A., Meschini, A., Fornari, M., Marziali, S., et al. (2012). Differences between proximal versus distal intraorbital optic nerve diffusion tensor magnetic resonance imaging properties in glaucoma patients. Invest. Ophthalmol. Vis. Sci. 53, 4191–4196. doi: 10.1167/iovs.11-9345

 Calkins, D. J., and Horner, P. J. (2012). The cell and molecular biology of glaucoma: axonopathy and the brain. Invest. Ophthalmol. Vis. Sci. 53, 2482–2484. doi: 10.1167/iovs.12-9483i

 Chen, Z., Lin, F., Wang, J., Li, Z., Dai, H., Mu, K., et al. (2013). Diffusion tensor magnetic resonance imaging reveals visual pathway damage that correlates with clinical severity in glaucoma. Clin. Experiment. Ophthalmol. 41, 43–49. doi: 10.1111/j.1442-9071.2012.02832.x

 Davis, B. M., Crawley, L., Pahlitzsch, M., Javaid, F., and Cordeiro, M. F. (2016). Glaucoma: the retina and beyond. Acta Neuropathol. 132, 807–826. doi: 10.1007/s00401-016-1609-2

 de Vries-Knoppert, W. A., Baaijen, J. C., and Petzold, A. (2019). Patterns of retrograde axonal degeneration in the visual system. Brain 142, 2775–2786. doi: 10.1093/brain/awz221

 El-Rafei, A., Engelhorn, T., Wärntges, S., Dörfler, A., Hornegger, J., and Michelson, G. (2013). Glaucoma classification based on visual pathway analysis using diffusion tensor imaging. Magn. Reson. Imaging 31, 1081–1091. doi: 10.1016/j.mri.2013.01.001

 Engelhorn, T., Michelson, G., Waerntges, S., Struffert, T., Haider, S., and Doerfler, A. (2011). Diffusion tensor imaging detects rarefaction of optic radiation in glaucoma patients. Acad. Radiol. 18, 764–769. doi: 10.1016/j.acra.2011.01.014

 Frezzotti, P., Giorgio, A., Motolese, I., De Leucio, A., Iester, M., Motolese, E., et al. (2014). Structural and functional brain changes beyond visual system in patients with advanced glaucoma. PLoS ONE 9:e105931. doi: 10.1371/journal.pone.0105931

 Frezzotti, P., Giorgio, A., Toto, F., De Leucio, A., and De Stefano, N. (2016). Early changes of brain connectivity in primary open angle glaucoma. Hum. Brain Mapp. 37, 4581–4596. doi: 10.1002/hbm.23330

 Garaci, F. G., Bolacchi, F., Cerulli, A., Melis, M., Spanò, A., Cedrone, C., et al. (2009). Optic nerve and optic radiation neurodegeneration in patients with glaucoma: in vivo analysis with 3-T diffusion-tensor MR imaging. Radiology 252, 496–501. doi: 10.1148/radiol.2522081240

 Genc, S., Smith, R. E., Malpas, C. B., Anderson, V., Nicholson, J. M., Efron, D., et al. (2018). Development of white matter fibre density and morphology over childhood: a longitudinal fixel-based analysis. Neuroimage 183, 666–676. doi: 10.1016/j.neuroimage.2018.08.043

 Hanekamp, S. (2017). Glaucoma : An Eye or a Brain Disease?. Dissertation. Groningen, NL: University of Groningen.

 Haykal, S., Curcic-Blake, B., Jansonius, N. M., and Cornelissen, F. W. (2019). Fixel-based analysis of visual pathway white matter in primary open-angle glaucoma. Invest. Ophthalmol. Vis. Sci. 60, 3803–3812. doi: 10.1167/iovs.19-27447

 Hernowo, A. T. (2012). Visual Pathway Morphometry in Visual Field Defects. Dissertation. Groningen, NL: University of Groningen.

 Ito, Y., Shimazawa, M., Chen, Y. N., Tsuruma, K., Yamashima, T., Araie, M., et al. (2009). Morphological changes in the visual pathway induced by experimental glaucoma in Japanese monkeys. Exp. Eye Res. 89, 246–255. doi: 10.1016/j.exer.2009.03.013

 Kaushik, M., Graham, S. L., Wang, C., and Klistorner, A. (2014). A topographical relationship between visual field defects and optic radiation changes in glaucoma. Investig. Ophthalmol. Vis. Sci. 55, 5770–5775. doi: 10.1167/iovs.14-14733

 Lawlor, M., Danesh-Meyer, H., Levin, L. A., Davagnanam, I., De Vita, E., and Plant, G. T. (2017). Glaucoma and the brain: trans-synaptic degeneration, structural change, and implications for neuroprotection. Surv. Ophthalmol. 63, 296–306. doi: 10.1016/j.survophthal.2017.09.010

 Li, K., Lu, C., Huang, Y., Yuan, L., Zeng, D., and Wu, K. (2014). Alteration of fractional anisotropy and mean diffusivity in glaucoma: novel results of a meta-analysis of diffusion tensor imaging studies. PLoS ONE 9:e97445. doi: 10.1371/journal.pone.0097445

 Li, M., Ke, M., Song, Y., Mu, K., Zhang, H., and Chen, Z. (2019). Diagnostic utility of central damage determination in glaucoma by magnetic resonance imaging: an observational study. Exp. Ther. Med. 17, 1891–1895. doi: 10.3892/etm.2018.7134

 Lu, P., Shi, L., Du, H., Xie, B., Li, C., Li, S., et al. (2013). Reduced white matter integrity in primary open-angle glaucoma: a DTI study using tract-based spatial statistics. J. Neuroradiol. 40, 89–93. doi: 10.1016/j.neurad.2012.04.001

 Michelson, G., Engelhorn, T., Wärntges, S., El Rafei, A., Hornegger, J., and Doerfler, A. (2013). DTI parameters of axonal integrity and demyelination of the optic radiation correlate with glaucoma indices. Graefe's Arch. Clin. Exp. Ophthalmol. 251, 243–253. doi: 10.1007/s00417-011-1887-2

 Mitchell, J. R., Oliveira, C., Tsiouris, A. J., and Dinkin, M. J. (2015). Corresponding ganglion cell atrophy in patients with postgeniculate homonymous visual field loss. J. Neuro-Ophthalmol. 35, 353–359. doi: 10.1097/WNO.0000000000000268

 Murai, H., Suzuki, Y., Kiyosawa, M., Tokumaru, A. M., Ishii, K., and Mochizuki, M. (2013). Positive correlation between the degree of visual field defect and optic radiation damage in glaucoma patients. Jpn. J. Ophthalmol. 57, 257–262. doi: 10.1007/s10384-013-0233-0

 Nomoto, H., Suzuki, K., and Garway-heath, D. F. (2014). “Measurement of optic nerve head and retinal nerve fibre layer (RNFL) structure can distinguish between treatment groups in a clinical trial : the United Kingdom Glaucoma Treatment Study (UKGTS),” in ARVO Annu. Meet. Abstr., 29–30. Available online at: https://iovs.arvojournals.org/article.aspx?articleid=2270322 (accessed February 18, 2021).

 Nucci, C., Mancino, R., Martucci, A., Bolacchi, F., Manenti, G., Cedrone, C., et al. (2012). 3-T Diffusion tensor imaging of the optic nerve in subjects with glaucoma: correlation with GDx-VCC, HRT-III and Stratus optical coherence tomography findings. Br. J. Ophthalmol. 96, 976–980. doi: 10.1136/bjophthalmol-2011-301280

 Omodaka, K., Murata, T., Sato, S., Takahashi, M., Tatewaki, Y., Nagasaka, T., et al. (2014). Correlation of magnetic resonance imaging optic nerve parameters to optical coherence tomography and the visual field in glaucoma. Clin. Experiment. Ophthalmol. 42, 360–368. doi: 10.1111/ceo.12237

 Raffelt, D., Tournier, J.-D., Crozier, S., Connelly, A., and Salvado, O. (2012). Reorientation of fiber orientation distributions using apodized point spread functions. Magn. Reson. Med. 67, 844–855. doi: 10.1002/mrm.23058

 Raffelt, D., Tournier, J.-D., Fripp, J., Crozier, S., Connelly, A., and Salvado, O. (2011). Symmetric diffeomorphic registration of fibre orientation distributions. Neuroimage 56, 1171–1180. doi: 10.1016/j.neuroimage.2011.02.014

 Raffelt, D. A., Smith, R. E., Ridgway, G. R., Tournier, J.-D., Vaughan, D. N., Rose, S., et al. (2015). Connectivity-based fixel enhancement: whole-brain statistical analysis of diffusion MRI measures in the presence of crossing fibres. Neuroimage 117, 40–55. doi: 10.1016/j.neuroimage.2015.05.039

 Raffelt, D. A., Tournier, J.-D., Smith, R. E., Vaughan, D. N., Jackson, G., Ridgway, G. R., et al. (2017). Investigating white matter fibre density and morphology using fixel-based analysis. Neuroimage 144, 58–73. doi: 10.1016/j.neuroimage.2016.09.029

 Sidek, S., Ramli, N., Rahmat, K., Ramli, N. M., Abdulrahman, F., and Tan, L. K. (2014). Glaucoma severity affects diffusion tensor imaging (DTI) parameters of the optic nerve and optic radiation. Eur. J. Radiol. 83, 1437–1441. doi: 10.1016/j.ejrad.2014.05.014

 Smith, R. E., Tournier, J.-D., Calamante, F., and Connelly, A. (2013). SIFT: spherical-deconvolution informed filtering of tractograms. Neuroimage 67, 298–312. doi: 10.1016/j.neuroimage.2012.11.049

 Song, X., Puyang, Z., Chen, A.-H., Zhao, J., Li, X., Chen, Y.-Y., et al. (2018). Diffusion tensor imaging detects microstructural differences of visual pathway in patients with primary open-angle glaucoma and ocular hypertension. Front. Hum. Neurosci. 12:426. doi: 10.3389/fnhum.2018.00426

 Tellouck, L., Durieux, M., Coupé, P., Cougnard-Grégoire, A., Tellouck, J., Tourdias, T., et al. (2016). Optic radiations microstructural changes in glaucoma and association with severity: a study Using 3Tesla-magnetic resonance diffusion tensor imaging. Invest. Ophthalmol. Vis. Sci. 57, 6539–6547. doi: 10.1167/iovs.16-19838

 Tham, Y.-C., Li, X., Wong, T. Y., Quigley, H. A., Aung, T., and Cheng, C.-Y. (2014). Global prevalence of glaucoma and projections of glaucoma burden through 2040: a systematic review and meta-analysis. Ophthalmology 121, 2081–2090. doi: 10.1016/j.ophtha.2014.05.013

 Tournier, J.-D., Calamante, F., and Connelly, A. (2013). Determination of the appropriate b value and number of gradient directions for high-angular-resolution diffusion-weighted imaging. NMR Biomed. 26, 1775–1786. doi: 10.1002/nbm.3017

 Tournier, J.-D., Smith, R., Raffelt, D., Tabbara, R., Dhollander, T., Pietsch, M., et al. (2019). MRtrix3: a fast, flexible and open software framework for medical image processing and visualisation. Neuroimage 202:116137. doi: 10.1016/j.neuroimage.2019.116137

 Tur, C., Goodkin, O., Altmann, D. R., Jenkins, T. M., Miszkiel, K., Mirigliani, A., et al. (2016). Longitudinal evidence for anterograde trans-synaptic degeneration after optic neuritis. Brain 139, 816–828. doi: 10.1093/brain/awv396

 Tustison, N. J., Avants, B. B., Cook, P. A., Zheng, Y., Egan, A., Yushkevich, P. A., et al. (2010). N4ITK: improved N3 bias correction. IEEE Trans. Med. Imaging 29, 1310–1320. doi: 10.1109/TMI.2010.2046908

 Veraart, J., Fieremans, E., and Novikov, D. S. (2016). Diffusion MRI noise mapping using random matrix theory. Magn. Reson. Med. 76, 1582–1593. doi: 10.1002/mrm.26059

 Wang, M.-Y., Wu, K., Xu, J.-M., Dai, J., Qin, W., Liu, J., et al. (2013). Quantitative 3-T diffusion tensor imaging in detecting optic nerve degeneration in patients with glaucoma: association with retinal nerve fiber layer thickness and clinical severity. Neuroradiology 55, 493–498. doi: 10.1007/s00234-013-1133-1

 Weinreb, R. N., Aung, T., and Medeiros, F. A. (2014). The pathophysiology and treatment of glaucoma: a review. JAMA 311, 1901–1911. doi: 10.1001/jama.2014.3192

 Weinreb, R. N., and Khaw, P. T. (2004). Primary open-angle glaucoma. Lancet (London, England) 363, 1711–1720. doi: 10.1016/S0140-6736(04)16257-0

 You, Y., Joseph, C., Wang, C., Gupta, V., Liu, S., Yiannikas, C., et al. (2019). Demyelination precedes axonal loss in the transneuronal spread of human neurodegenerative disease. Brain 142, 426–442. doi: 10.1093/brain/awy338

 Zhou, W., Muir, E. R., Chalfin, S., Nagi, K. S., and Duong, T. Q. (2017). MRI study of the posterior visual pathways in primary open angle glaucoma. J. Glaucoma 26, 173–181. doi: 10.1097/IJG.0000000000000558

 Zikou, A. K., Kitsos, G., Tzarouchi, L. C., Astrakas, L., Alexiou, G. A., and Argyropoulou, M. I. (2012). Voxel-based morphometry and diffusion tensor imaging of the optic pathway in primary open-angle glaucoma: a preliminary study. AJNR Am. J. Neuroradiol. 33, 128–134. doi: 10.3174/ajnr.A2714

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.

Copyright © 2021 Haykal, Jansonius and Cornelissen. 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.



OPS/images/fnhum-15-630898-g005.gif
OpticRadiation ~ ®  Optic Tract Optic Radiation
L . o, e -
B ‘ cow’
o B I . T





OPS/images/fnhum-15-630898-t001.jpg
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.





OPS/images/fnhum-15-630898-g003.gif
D

FC

FDC






OPS/images/fnhum-15-630898-g004.gif
Axial

Sagittal






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Progression of Visual Pathway Degeneration in Primary Open-Angle Glaucoma: A Longitudinal Study



		Introduction



		Materials and Methods



		Ethical Approval



		Participants



		Ophthalmic Tests



		Image Acquisition and Pre-processing



		Fixel-Based Analysis



		Statistical Analysis



		Demographics and Clinical Characteristics



		Fixel-Based Analyses



		Supplementary Confirmatory Analyses



		Correlation Between FBA Measures and Clinical Tests













		Results



		Demographics and Clinical Characteristics



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



		Longitudinal Fixel-Based Analyses



		Supplementary Confirmatory Analyses



		Correlation Between FBA Measures and Clinical Tests







		Discussion



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



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



		Correlation Between FBA Measures and Clinical Tests of Glaucoma



		Clinical Implications



		Limitations and Future Directions







		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers .
in Human Neuroscience

Progression of Visual Pathway
Degeneration in Primary Open-Angle
Glaucoma: A Longitudinal Study





OPS/images/fnhum-15-630898-g001.gif
Subject1

subjectn

It subject
tempiate

Imcasubject |
tempiate

Imrasubject |
template

Unbissed inter-subjoct
popultion empiste

I

Nondinear
regisuraton

Fiber tracking in
tempiste space

Grecrs optc radatons





OPS/images/fnhum-15-630898-g002.gif
Timepoint1  Time-point2

’ a
ma










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





