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Purpose: Tauopathy and transactive response DNA binding protein 43 (TDP-43) proteinopathy are associated with neurodegenerative diseases. These proteinopathies are difficult to detect in vivo. This study examined if spectral-domain optical coherence tomography (SD-OCT) can differentiate in vivo the difference in peripapillary retinal nerve fibre layer (pRNFL) thickness and macular retinal thickness between participants with presumed tauopathy (progressive supranuclear palsy) and those with presumed TDP-43 proteinopathy (amyotrophic lateral sclerosis and semantic variant primary progressive aphasia).

Study design: Prospective, multi-centre, observational study.

Materials and methods: pRNFL and macular SD-OCT images were acquired in both eyes of each participant using Heidelberg Spectralis SD-OCT. Global and pRNFL thickness in 6 sectors were analyzed, as well as macular thickness in a central 1 mm diameter zone and 4 surrounding sectors. Linear mixed model methods adjusting for baseline differences between groups were used to compare the two groups with respect to pRNFL and macular thickness.

Results: A significant difference was found in mean pRNFL thickness between groups, with the TDP-43 group (n = 28 eyes) having a significantly thinner pRNFL in the temporal sector than the tauopathy group (n = 9 eyes; mean difference = 15.46 μm, SE = 6.98, p = 0.046), which was not significant after adjusting for multiple comparisons. No other significant differences were found between groups for pRNFL or macular thickness.

Conclusion: The finding that the temporal pRNFL in the TDP-43 group was on average 15.46 μm thinner could potentially have clinical significance. Future work with larger sample sizes, longitudinal studies, and at the level of retinal sublayers will help to determine the utility of SD-OCT to differentiate between these two proteinopathies.
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Introduction

Frontotemporal dementia (FTD) encompasses a heterogeneous group of clinical syndromes characterized by frontotemporal lobar degeneration (FTLD) and prominent changes in cognition, behavior and motor function. After Alzheimer’s disease (AD), it is the second-most common form of dementia in people under 65 years of age (Hodges et al., 2003; Knopman and Roberts, 2011). Pathologically, FTLD is associated with two predominant proteinopathies: tauopathy and transactive response DNA-binding protein 43 (TDP-43) proteinopathy (Irwin et al., 2015). Some FTLD-related syndromes, such as progressive supranuclear palsy (PSP), are reliably associated with tauopathy (Höglinger et al., 2017; Kim et al., 2019), while semantic variant primary progressive aphasia (svPPA) is almost always associated with TDP-43 proteinopathy (Irwin et al., 2015). Additional subtypes such as behavioral variant FTD (bvFTD), non-fluent variant PPA (nfvPPA) and corticobasal syndrome (CBS) are associated with both proteinopathies (Olney et al., 2017). FTLD-tau and FTLD-TDP-43 are difficult to detect in vivo (Irwin et al., 2015).

Amyotrophic lateral sclerosis (ALS) is a motor neuron degenerative disorder characterized by muscle weakness and paralysis (Rojas et al., 2020). It can also be associated with cognitive and behavioral alterations. ALS is also reliably associated with TDP-43 as its main pathological mechanism (Brettschneider et al., 2013; Neumann, 2013; Masala et al., 2018). ALS and some forms of FTLD have overlapping pathology and so are considered to be on the same disease spectrum (Mackenzie and Feldman, 2005).

Spectral-domain optical coherence tomography (SD-OCT) is a clinical tool routinely used to obtain rapid, non-invasive three-dimensional scans of ocular structures including the retina and optic nerve. Since the retina and optic nerve extend from the diencephalon, they are considered parts of the central nervous system. Accordingly, the potential for SD-OCT to detect biomarkers of neurodegenerative disease has been explored (Kirbas et al., 2013; Doustar et al., 2017; Ferrari et al., 2017; Wong et al., 2019).

Although some studies have found thinning in the peripapillary retinal nerve fiber layer (pRNFL; Stemplewitz et al., 2017; Sevim et al., 2018), macula (Stemplewitz et al., 2017; Sevim et al., 2018), and macular sublayers (Kim et al., 2017, 2019; Sevim et al., 2018) in patients with FTD and its subtypes, there is no current consensus on how specifically these structures are affected. Similarly in patients with ALS, although several studies reported a thinner global (average) pRNFL compared to controls (Ringelstein et al., 2014; Mukherjee et al., 2017; Rohani et al., 2018; Rojas et al., 2020), their results differ with respect to how the macula and pRNFL sectors are affected (Roth et al., 2013; Mukherjee et al., 2017; Rohani et al., 2018; Rojas et al., 2019). Furthermore, there is a paucity of research that compares retinal biomarkers based on proteinopathy rather than clinical phenotypes.

Previous studies have emphasized the need to investigate biomarkers to help differentiate tauopathy from TDP-43 proteinopathy (Irwin et al., 2015; Kim et al., 2017). Since PSP is usually associated with tauopathy, while svPPA and ALS are associated with TDP-43 proteinopathy, in this study, pRNFL and macular thickness were used to compare patients with PSP (presumed tauopathy) to those with svPPA or ALS (presumed TDP-43 proteinopathy). Hereafter, presumed tauopathy and presumed TDP-43 proteinopathy will be referred to as tauopathy and TDP-43 proteinopathy, respectively. We hypothesize differences in pRNFL and macular thickness could support the use of SD-OCT to differentiate between these two proteinopathies.



Materials and methods

This was an analysis of a prospective, multi-center, observational study known as the Ontario Neurodegenerative Disease Research Initiative (ONDRI; Farhan et al., 2017). Baseline characteristics of the full ONDRI cohort are summarized in a study by Sunderland and colleagues (Sunderland et al., 2022). Participants diagnosed with FTLD-related syndromes or ALS were recruited from the Toronto Western Hospital (Toronto, Canada), Sunnybrook Hospital (Toronto, Canada), Baycrest Hospital (Toronto, Canada), Parkwood Institute (London, Canada), and Élisabeth Bruyère Continuing Care (Ottawa, Canada), between 2014 and 2018. This study was approved by the Research Ethics Boards at the University Health Network, Sunnybrook Research Institute, University of Waterloo, and the University of Western Ontario. The study protocol followed the tenets of the Declaration of Helsinki and participants provided informed consent.


Inclusion and exclusion criteria

General inclusion and exclusion criteria for the ONDRI cohort were outlined by Farhan and co-workers (Farhan et al., 2017). The study included four neurodegenerative diseases (FTLD-related syndromes (PSP, svPPA, bvFTD, nfvPPA, and CBS), ALS, AD/mild cognitive impairment, Parkinson’s disease) and cerebrovascular disease (Farhan et al., 2017). Exclusion criteria specific to the SD-OCT retinal imaging platform within ONDRI included poorly controlled diabetes mellitus, glaucoma or glaucoma suspect (defined as intraocular pressure (IOP) greater than 22 mmHg in either eye, IOP difference between eyes > 5 mmHg, optic nerve head cup-to-disk ratio (C/D) ≥ 0.7, or C/D difference between eyes > 0.2), and other optic neuropathies or maculopathies (such as exudative age related macular degeneration) identified on inspection of fundus photographs by an ophthalmologist (EM, EDM) masked to the participant’s underlying diagnosis. SD-OCT images with a quality score of less than 20 were excluded. Upon inspection by expert observers (WVH, FT, CH, CB, RC) and consultation with ophthalmologists when necessary, SD-OCT images were excluded if macular thickness or pRNFL thickness could be affected by pathologies or structural anomalies including tilted optic disks. Participants with a history of stroke were also excluded from the analysis as potential retrograde degeneration in the retina could affect thickness measurements.



Procedure

Peripapillary RNFL and macular SD-OCT scans were acquired in both eyes of each participant using the Heidelberg Spectralis SD-OCT, acquisition software version 6.0.13.0 (Heidelberg Engineering GmbH, Heidelberg, Germany), and analyzed with the Heidelberg Eye Explorer software (HEYEX version 6.3.4.0). Prior to analyses, each scan was inspected for any software-generated retinal segmentation lines that did not accurately delineate the internal limiting membrane and Bruch’s membrane, and were manually corrected by a trained observer.

For each pRNFL OCT scan, seven pRNFL thickness measurements were captured: global (average) and 6 sectors (temporal, superior-temporal, inferior-temporal, nasal, superior-nasal, and inferior-nasal) using a B-scan with a diameter of 3.5 mm centered on the middle of the optic nerve head (Figure 1). For each macular (posterior pole) OCT image, a grid with concentric circles of 1 and 3 mm diameters was centered on the fovea (Figure 2). Average retinal thickness was measured in the central 1 mm diameter zone, as well as 4 surrounding sectors (superior, inferior, temporal, and nasal) within the 3 mm diameter circular grid.
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FIGURE 1
Macular grid with 1, 3, and 6 mm diameter circles centered on the foveola (left). Measurements for average thickness (black) in areas of each sector of the macula (right). Only the central five macular sectors were analyzed in this study: central macula, and the inner superior, inferior, nasal, and temporal sectors, bordered by the 3 mm diameter circle.
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FIGURE 2
Mean (SE) difference (tauopathy – TDP43, μm) in average (A) macular sectoral thickness and (B) pRNFL sectoral and global thickness. The difference in pRNFL thickness between groups in the temporal sector (p < 0.05; medium effect size of 0.61) is illustrated in bold. This difference was not significant after adjusting for multiple comparisons. Note that average thickness in the macular scan is within the area of each sector and represents total retinal thickness, while in the pRNFL scan it is along the circular line of each sector and represents RNFL thickness only. T, Temporal; N, Nasal.




Analysis

PSP is usually associated with tauopathy, while svPPA and ALS are associated with TDP-43 (Irwin et al., 2015; Höglinger et al., 2017; Kim et al., 2019). Any participants with other clinical subtypes of FTD that involve both tauopathy and TDP-43 proteinopathies (i.e., CBS, bvFTD, and nfPPA) were excluded.

A linear mixed model adjusting for fixed effects of eye, age, and sex, and accounting for within-subject correlation, was used to compare both pRNFL thickness and macular retinal thickness between eyes in subjects with tauopathy to those with TDP-43 proteinopathy. The unstructured covariance matrix was used for errors. A Bonferroni adjustment was employed to control for multiple comparisons which yielded a threshold of significance of 0.05/12 = 0.0042, and controls the familywise error rate at the level of 0.05. SAS statistical software (version 9.4, SAS Institute, Cary, NC) was used for analysis.

A sensitivity analysis with a linear mixed repeated measures model adjusting for age, sex, and eye was also performed, excluding the 3 svPPA participants in the TDP43 group, leaving only those with ALS in the group.

An outlier analysis was also performed on the svPPA group to assess whether it could influence the results of the TDP43 group.

Furthermore, in the 11 subjects with ALS, a Wilcoxon signed rank test was performed to compare the left and right eyes.




Results

The final dataset included 9 eyes of 5 subjects (3 female) in the tauopathy group (with a clinical diagnosis of PSP) and 28 eyes of 14 subjects (4 female) in the TDP-43 group (3 with a clinical diagnosis of svPPA and 11 with ALS). Baseline characteristics are described in Table 1. The groups were not matched for age or sex. There were 9 eyes in the tauopathy group; there were 8 eyes with pRNFL scans, and a different 8 eyes with macular scans.


TABLE 1    Participant demographics.
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For the retinal thickness (RT) scan in subjects with FTLD, 23 eyes in 12 subjects were excluded due to fixation difficulties during their scan, and 9 eyes in 5 subjects were excluded due to pathologies including AMD, macular hole, lamellar hole, glaucoma, and uncontrolled diabetes (HbA1c > 7.5).

For the pRNFL scan in subjects with FTLD, 15 eyes in 8 subjects were excluded due to fixation difficulties during their scan, and 6 eyes in 3 subjects were excluded due to pathologies including AMD, lamellar hole, cupped optic disk, and uncontrolled diabetes (HbA1c > 7.5).

Of the 30 subjects who met criteria In the FTLD group, only 8 subjects were used (5 in the PSP and 3 in the svPPA group), as the other FTLD subjects did not meet the criteria for a diagnosis of PSP or svPPA.

For the RT and pRNFL scans in subjects with ALS, in a post hoc analysis, 2 subjects (4 eyes) with tilted nerves and 1 subject (2 eyes) with a history of stroke were excluded since they could potentially exhibit abnormal pRNFL thicknesses.

Mean pRNFL and macular thickness values in each group are described in Table 2, and mean differences between groups are illustrated in Figure 2. The TDP-43 group demonstrated a thinner pRNFL in the temporal sector than the tauopathy group (mean difference = 15.46 μm, SE = 6.98 (95% CI: 0.32, 30.60), p = 0.046) with a medium effect size of 0.61. Based on adjustment for multiple comparisons, this difference is not statistically significant. The differences in global pRNFL thickness between groups and for the other sectors were not significantly different (Figure 2).


TABLE 2    Mean peripapillary retinal nerve fibre layer and macular thickness values in tauopathy and TDP-43 proteinopathy groups, adjusted for age and sex.
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No statistically significant differences were found between the groups for mean retinal thickness in the central 1 mm diameter macular zone between the tauopathy (275.04 μm, SE = 9.06) and TDP-43 (271.49 μm, SE = 5.05) groups (p = 0.749). Similarly, no significant differences were found in the surrounding 4 sectors within the 3 mm diameter grid of the macula between the groups.

The post hoc sensitivity analysis that excluded the svPPA participants, allowing for a comparison of the tauopathy group to the ALS group, did not yield any new findings that were significant after controlling for multiple comparisons. Additionally, the outlier analysis found no outliers in the 3 svPPA participants in terms of age, macular, or pRNFL thickness. Comparison of the left and right eyes in those with ALS showed that the temporal pRNFL was thinner in the left eye compared to the right eye.



Discussion

This study found that the pRNFL in the temporal sector in the presumed TDP-43 proteinopathy group was on average approximately 15 μm thinner than the presumed tauopathy group (p = 0.046). However, this difference was not statistically significant after applying a conservative adjustment for multiple comparisons.

To our knowledge, no studies have compared pRNFL or macular thickness between FTLD-tau and FTLD-TDP-43 proteinopathies. PSP is usually associated with tauopathy, while svPPA and ALS are associated with TDP-43 proteinopathy (Irwin et al., 2015; Höglinger et al., 2017; Kim et al., 2019). Based on this, we compared a group with tauopathy to a group with TDP-43 proteinopathy. Since the pRNFL and retina thins with age even in healthy normal eyes, we adjusted for age in our analysis (Eriksson and Alm, 2009; Celebi and Mirza, 2013). A summary of the findings of previous related studies is shown in Supplementary Table 1. One study found thinning in the temporal pRNFL in ALS subjects compared to healthy controls (Mukherjee et al., 2017). This temporal sector is the same area that was thinner in our TDP-43 group compared to the tau group. Compared to healthy controls, pRNFL thinning has also been reported in subjects with PSP (Stemplewitz et al., 2017), TDP-43 (Ward et al., 2014), a pathologically heterogeneous group of subjects with FTD (Ferrari et al., 2017), and ALS (Ringelstein et al., 2014; Mukherjee et al., 2017; Rohani et al., 2018). In contrast, two groups reported no significant differences in pRNFL thickness between ALS subjects and controls (Roth et al., 2013; Rojas et al., 2019). Our finding in the ALS group of the left pRNFL being thinner than the right is consistent with two studies that found either pRNFL or ganglion cell complex (GCC) thinning in the left eye compared to the right in ALS subjects, which may suggest asymmetric CNS involvement in the disease (Rohani et al., 2018; Rojas et al., 2019).

With regards to macular thickness, this study found no differences between the groups. Kim and co-workers (Kim et al., 2017, 2019) reported no differences in total retinal thickness in the central 3 mm diameter macular zone between participants with FTD and healthy controls. However, they did find the outer retina sublayer to be significantly thinner in the FTD group overall and in the FTLD-Tau subtype (with PSP, CBS or nfPPA) compared to controls (Kim et al., 2017). With longitudinal analysis, they found this outer retina thinning to persist and correlate with disease progression in participants with probable tauopathy (Kim et al., 2019). In this study, only the central macular sectors were analyzed because the density of the retinal ganglion cells (RGCs) is the highest in this area. Degeneration of neurons in these central sectors would be more pronounced compared to sectors that are relatively more peripheral (Wässle et al., 1989).

Three groups reported significant macular changes in proteinopathies compared to healthy controls (Ward et al., 2014; Stemplewitz et al., 2017; Rojas et al., 2019), including reduced macular volume in subjects with progranulin (GRN) mutations (which are associated with TDP-43 neuropathology), and thinning in six macular sectors in subjects with PSP (Stemplewitz et al., 2017). Rojas’ group (Rojas et al., 2019) reported greater macular thicknesses in the inferior and temporal 3 mm sectors in subjects with ALS compared to controls. However, 6 months later, the inferior 3 and 6 mm sectors were both significantly thinner than at baseline. Because the participants in Rojas’ study were at a similar early stage of disease (within 18 months of motor symptom onset) and were then followed over time, this captured a potential evolution of macular thickening followed by thinning, which may illustrate the disease course of ALS in the macula. Furthermore, since previous studies have reported changes to macular sublayers (including the ganglion cell layer, inner nuclear layer, and outer plexiform layer) in these proteinopathies (Ringelstein et al., 2014; Ward et al., 2014; Sevim et al., 2018), differences in sublayer thicknesses between these groups also warrants further investigation.

This study has several strengths. This is the first study to use SD-OCT to compare participants with tauopathy and TDP-43 proteinopathy by using clinical phenotypes (Kim et al., 2017, 2019). The ability to find non-invasive biomarkers to differentiate between tauopathy and TDP-43 pathology is important as proteinopathy-targeted therapies are being developed (Liscic et al., 2020; Yang et al., 2020). A second strength of this study was the rigorous inspection of SD-OCT images and fundus photographs to exclude pathologies unrelated to neurodegeneration that could affect retinal or pRNFL thickness. Large delineation errors on SD-OCT images were corrected to prevent spurious thickness measurements. Images were also inspected for non-pathological structural anomalies that could potentially affect pRNFL thickness measurements, such as tilted optic disks (Brito et al., 2015), and subjects with these anomalies were excluded. Additionally, subjects with a history of stroke were excluded from the analysis as potential retrograde degeneration in the retina could affect thickness measurements. This rigorous inspection and data curation provided a dataset to reliably identify changes in thickness due to these neurodegenerative diseases.

There are limitations to consider in this study. First, the sample size was small, which may make the findings less generalizable. Despite this, we found a non-significant, but medium effect size difference in the temporal pRNFL thickness between groups. This difference of 15.46 μm may be considered clinically significant. Based on this observed difference, a future study with larger sample size will be able to provide sufficient evidence of statistical significance. For example, a future balanced-design study could recruit 152 patients in total that will likely provide a desirable 80% power to detect significant difference in temporal pRNFL thickness at 5% level. Second, there is a need to consider that the various sectors of pRNFL contain retinal arterioles and venules that typically enter and exit the optic nerve head near the 6 and 12 o’clock positions. At this point on the nerve head, the vessel lumen diameters typically range from 80 to 140 μm for arterioles and 100–150 μm for venules. These vessels can pulse and change in diameter and position with the cardiac cycle. Another limitation is that the disease staging for ALS and PSP are classified using different scales. As such, it is difficult to compare the severity of participants with these different diseases from a clinical standpoint. Consequently, variations in retinal vessel diameter and pulsation will add noise to any structural measurement of pRNFL thickness. Furthermore, the clinical subgroup diagnoses of FTLD and ALS were used to define the pathological groups of tauopathy and TDP-43 proteinopathy. Although the clinical subgroups included were reliably associated with either tau or TDP-43, and any subgroups that were known to involve both pathological mechanisms were eliminated to reduce confounding factors, future studies would hopefully include only biomarker proven proteinopathies. Lastly, if ALS progression consists of a change from pRNFL thickening to thinning with an intermediate stage of normal thickness, as Rojas and co-workers suggested, measurements may be affected by including subjects with different disease severities (Rojas et al., 2019). Future work should involve assessing this cohort over time.

In conclusion, this was the first study to compare pRNFL and macular thickness between participants with PSP (tauopathy) and svPPA and ALS (TDP-43 proteinopathy). The thinning in the temporal pRNFL of the TDP-43 group compared to the tau group warrants further investigation to determine whether retinal imaging can help identify and differentiate proteinopathies in neurodegenerative disease. Future work should assess changes in thickness over time and retinal sub-layer thicknesses to assess whether they are also factors that can help differentiate these two pathological mechanisms.
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