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CASE REPORT

Retina tissue validation of optical coherence 
tomography determined outer nuclear layer 
loss in FTLD‑tau
Benjamin J. Kim1*  , Vivian Lee1, Edward B. Lee2,3, Adrienne Saludades1, John Q. Trojanowski3, 
Joshua L. Dunaief1, Murray Grossman4 and David J. Irwin4 

Abstract 

Alzheimer’s disease (AD) is associated with inner retina (nerve fiber and ganglion cell layers) thinning. In contrast, we 
have seen outer retina thinning driven by photoreceptor outer nuclear layer (ONL) thinning with antemortem optical 
coherence tomography (OCT) among patients considered to have a frontotemporal degeneration tauopathy (FTLD-
Tau). Our objective was to determine if postmortem retinal tissue from FTLD-Tau patients demonstrates ONL loss 
observed antemortem on OCT. Two probable FTLD-Tau patients that were deeply phenotyped by clinical and genetic 
testing were imaged with OCT and followed to autopsy. Postmortem brain and retinal tissue were evaluated by a 
neuropathologist and ocular pathologist, respectively, masked to diagnosis. OCT findings were correlated with retinal 
histology. The two patients had autopsy-confirmed FTLD-Tau neuropathology and had antemortem OCT measure-
ments showing ONL thinning (66.9 μm, patient #1; 74.9 μm, patient #2) below the 95% confidence interval of normal 
limits (75.1–120.7 μm) in our healthy control cohort. Postmortem, retinal tissue from both patients demonstrated loss 
of nuclei in the ONL, matching ONL loss visualized on antemortem OCT. Nuclei counts from each area of ONL loss 
(2 – 3 nuclei per column) seen in patient eyes were below the 95% confidence interval (4 – 8 nuclei per column for 
ONL) of 3 normal control retinas analyzed at the same location. Our evaluation of retinal tissue from FTLD-Tau patients 
confirms ONL loss seen antemortem by OCT. Continued investigation of ONL thinning as a biomarker that may distin-
guish FTLD-Tau from other dementias is warranted.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
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other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Tauopathies are a class of frontotemporal lobar degenera-
tion proteinopathies (FTLD-Tau) commonly associated 
with frontotemporal dementia (FTD) syndromes. Clini-
cal distinction of FTLD-Tau from other FTLD-associated 
proteinopathies (i.e. FTLD-TDP, FTLD-FUS) and Alzhei-
mer’s disease (AD) is challenging [8]. Thus, non-invasive 
biomarkers indicative of histologic features of FTLD-Tau 
are urgently needed to improve diagnosis and facilitate 
therapeutic trials.

Optical coherence tomography (OCT) enables visu-
alization of neuronal tissue in  vivo. Many studies have 
found inner retina thinning (nerve fiber and ganglion cell 
layer) in AD vs. controls [3]. In contrast, our OCT studies 
revealed outer retina thinning with normal inner retina 
thicknesses in living FTD patients with clinical features 
or genetic mutations predictive of FTLD-Tau pathol-
ogy [12, 13, 18]. The outer retina thinning is driven by 
loss of the outer nuclear layer (ONL), which consists of 
photoreceptor nuclei and composes most of the outer 
retina’s thickness. This outer retina thinning correlates 
with global cognitive impairment, and longitudinal OCT 
analysis found persistent and progressive ONL thinning 
among the probable FTLD-Tau patients [12, 13].
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Postmortem retinal tissue confirmation of antemortem 
OCT findings is paramount to the potential development 
of OCT as a biomarker, but this data is lacking in FTD. 
Here, we report the first 2 consecutive autopsy findings 
of our OCT imaged FTLD-Tau patients for important 
postmortem validation.

Methods
Patients were followed in a clinical research program at 
the Penn Frontotemporal Degeneration Center (FTDC) 
and Scheie Eye Institute of the University of Pennsylvania. 
Clinical diagnosis was established at FTDC using mod-
ern clinical criteria for FTD syndromes at weekly con-
sensus meetings as previously described [12, 13]. Patients 
had genetic testing for pathogenic mutations in MAPT 
(OMIM: 157140), progranulin (GRN) (OMIM:138945), 
C9orf72 (OMIM: 61426), and other FTD related genes 
based on pedigree analysis as previously described [21]. 
Ophthalmic evaluation included a full, dilated eye exam 
by a retina specialist (BJK). All patients had no history of 
disease that would affect retinal thickness measurements, 
including diabetes, retinal or optic nerve disease, high 
refractive error (± 6.00 diopter spherical equivalent), or 
intraocular surgery (e.g. cataract surgery) within 90 days 
of the eye exam. Procedures for the OCT protocol, 
and neuropathological diagnosis have been previously 
described [12, 13, 19]. Briefly, patients were imaged with 
a standard spectral-domain OCT protocol using the Hei-
delberg Spectralis (Franklin, MA, USA). Each patient had 
a macular volume scan with 20 degree images, 25 raster 
scans, and automated real time averaging of 25 scans 
for each raster scan. While masked to clinical informa-
tion, an analyst then segmented the retinal layers using 
the automated Iowa Reference Algorithm (v3.6), and 
segmentation errors were manually corrected [1, 6, 10]. 
Retinal layer thickness measurements were reported 
after averaging the values of the central 5 regions of the 
ETDRS (Early Treatment of Diabetic Retinopathy Study) 
grid.

Autopsies were performed at the Center for Neuro-
degenerative Disease Research with post-mortem inter-
vals < 12  h. At autopsy, eyes and brain were collected. 
Independent evaluation of eyes and brains was per-
formed by an ophthalmic pathologist (VL) and neuro-
pathologist (EBL), respectively. Eyes were fixed in 10% 
formalin, processed, and paraffin embedded; five μm 
sections were stained with hematoxylin and eosin. The 
ophthalmic pathologist performed histologic retinal 
evaluation while masked to clinical and neuropathologi-
cal diagnosis. Representative sections of the whole eye 
were reviewed. As the study goal was to validate ONL 
loss seen on OCT, the evaluation of slides was directed 

towards the macula, where each eye was sectioned seri-
ally at multiple levels of the macula and evaluated in a 
uniform fashion.

Nuclei counts for the inner nuclear layer (INL) and 
ONL are an accepted way to evaluate retinal tissue [2, 
16, 22]. In contrast, ganglion cell layer nuclei counts are 
known to have wide variability among normals [7], mak-
ing them difficult to compare within small groups. After 
identifying areas of suspected macular ONL thinning, 
20 – 30 columns of ONL and INL nuclei were counted 
at intervals of 10 microns. As measurements are affected 
by retinal location [2, 16, 22], the nuclei counts for each 
eye were then compared to ONL and INL nuclei counts 
at macular areas of equivalent size, location, and dis-
tance from the optic nerve from 3 different normal con-
trols. Controls were 3 consecutive eyes obtained from 
the National Disease Research Interchange (Philadelphia, 
PA) and were from 3 subjects with no history of eye dis-
ease that would affect the retina, diabetes, or a neurode-
generative condition.

Suspected nuclei loss, either on OCT or histopathol-
ogy, was considered abnormal if the measurement was 
outside the 95% confidence interval (95%CI) of normal 
limits using the normal approximation method (e.g., 
mean ± (1.96 X standard deviation)). Normal references 
were calculated for OCT data using previously reported 
control data [12], and they were calculated for retinal 
tissue nuclei counts from the 3 normal control retinas, 
yielding a normal range consistent with published nuclei 
counts of normal retinas [14].

This study was approved by the University of Pennsyl-
vania Institutional Review Board and followed the tenets 
of the Declaration of Helsinki. All patients gave written 
informed consent (with caregivers if indicated).

Results
Clinical evaluation and imaging
Patient #1 was a 63-year-old Caucasian woman diagnosed 
with progressive supranuclear palsy (PSP) after 3  years 
of progressive L-DOPA resistant Parkinsonism, falls, 
and executive limitations with later emerging expres-
sive language deficits. OCT was performed prior to this 
patient enrolling in a trial (NCT03068468) for PSP; she 
received gosuranemab (Biogen), a humanized antibody 
that binds N-terminal tau. Her symptoms progressed 
to end-stage dementia and death at age 67. Patient #2 
was a 58-year-old Caucasian woman diagnosed with the 
behavioral variant of FTD (bvFTD) after 5 years of pro-
gressive cognitive and behavioral symptoms, as well as 
features of single-word and object knowledge later in her 
disease course from severe anterior temporal lobe dis-
ease. She had a pathogenic mutation in MAPT (E10 + 16 
C > T mutation) and declined clinically with features of 
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Parkinsonism and mutism with death at age 64 from end-
stage dementia.

Each patient’s antemortem ophthalmic exam was nor-
mal and OCT images showed no known eye disease. 
With our imaging protocol, normal thicknesses for 
the retinal nerve fiber layer (RNFL), ganglion cell layer 
(GCL), and outer nuclear layer (ONL) thickness are 
23  μm, 41  μm, and 98  μm, respectively [12]. As shown 
in Table 1, these patients had normal inner retina (RNFL 
and GCL) thicknesses. However, both patients had ONL 
thinning which was outside the 95% confidence interval 
thickness in our normal controls [12] (66.9  μm for left 
eye of patient 1 and 74.9 μm for right eye of patient 2), 
while the contralateral eye had thinning approaching sta-
tistical significance, especially for patient #2. With MRI, 
patient #1 demonstrated asymmetric frontal lobe atrophy 
(Fig. 1), and patient #2 had more widespread frontotem-
poral atrophy bilaterally (Fig. 2).

Autopsy data
Postmortem brain examination of patient #1 demon-
strated tau-positive threads, tufted astrocytes, coiled 
bodies, and perivascular vesicular astrocytes consistent 
with PSP with immunotherapy treatment effect (Fig.  1) 
[11]. Patient #2 exhibited tau-positive pretangles, tan-
gles, grains, and coiled bodies consistent with her known 
MAPT mutation (Fig. 2).

Evaluation of the retinas revealed no inner retina 
abnormalities. Histologically, outer retina health is com-
monly measured by ONL nuclei thickness. Normal mac-
ulas in the 6th–7th decade of life typically have about 6 
layers of ONL nuclei [14]. For patient #1, the right eye 
did not have appreciable ONL loss, but the left eye had 
definite ONL loss (range of 2–4 layers of nuclei) at the 
inferior macula, where the most ONL thinning was seen 
by OCT (Fig.  1). Both eyes of Patient #2 had ONL loss 
(range of 2–4 layers of nuclei) within the macula corre-
sponding to OCT findings (Fig. 2 shows left eye).

When each of these areas of ONL loss were com-
pared to equivalent macular locations in 3 normal con-
trols (Table  2), the ONL nuclei counts were below the 
95% confidence interval of controls (Table  3), but the 
INL nuclei counts of these areas were within the normal 
range.

Discussion
Although OCT is considered highly reproducible, there 
is some variability or conflicting reports on OCT findings 
in neurodegenerative diseases. This is contributed to, in 
part, by the need for gold-standard autopsy confirma-
tion to validate the patient’s specific underlying disease. 
This is especially true for the heterogeneous spectrum of 
FTLD. Therefore, tissue confirmation of OCT findings is 

critically important. We have presented novel and rare 
postmortem histopathological analysis of retinal tissue 
digitally quantified using OCT during life and correlated 
with underlying FTLD neuropathologic diagnosis. Our 
tissue data corroborates an outer retina abnormality seen 
on OCT among dementia patients. In comparison, other 
studies have shown retinal tissue with inner retina loss 
for AD [7] and normal OCT outer retina thickness in AD 
patients vs. controls [20].

While these patients presented with different clini-
cal syndromes associated with tauopathies, our autopsy 
data aligns with our published OCT data suggesting a 
link between ONL thinning and FTLD-Tau, independ-
ent of clinical diagnosis [12, 13]. For each of the FTLD-
Tau patients, significant ONL thinning was seen but 
there was some asymmetry with milder trends in the 
contralateral eye, especially for patient #1 who also had 
asymmetry of cortical atrophy on MRI. Indeed, FTLD 
microscopic pathology and antemortem atrophy often is 
distributed asymmetrically in the cortex [9, 17] and may 
influence the mild laterality of OCT data in our sample 
here. Nonetheless, we observed significant ONL loss 
postmortem that corresponds to in vivo OCT data. Our 
observations of areas of ONL loss were supported further 
by an analysis of nuclei counts showing abnormally low 
nuclei counts within the ONL, but normal nuclei counts 
within the nearby INL compared to controls. The mecha-
nisms for tau-mediated neurodegeneration affecting the 
ONL are unclear, but tau has been shown within human 
photoreceptors [15]. While the cause of ONL thinning 
is unknown, it may reflect phosphorylated tau toxicity 
related to the unusual amount of oxidative stress pho-
toreceptors encounter [4]. Among FTLD-Tau patients, 
oxidative stress may promote the phosphorylation of tau 
within photoreceptors, which in turn may have a toxic 
effect on photoreceptors and explain preferential damage 
to photoreceptors as opposed to other neuronal cells of 
the retina.

The small number of cases is the primary limitation of 
this data and deserves emphasis. Nevertheless, we believe 
our rare brain and eye autopsy data from these consecu-
tive cases is compelling as it is entirely consistent with 
our prior studies suggesting ONL thinning in FTLD-Tau. 
There was limited availability of normal control retinal 

Table 2  Demographic data of normal control retinal tissue 
donors

Control Age (years) Sex Race PMI (hrs) Cause of Death

1 70 Male Caucasian 16.5 Cardiac Arrest

2 84 Female Caucasian 4.75 Respiratory 
Failure

3 85 Male Caucasian 23.5 Cardiac Arrest
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tissue, and the eyes were from subjects of greater age 
than the FTLD-Tau patients. However, these subjects had 
nuclei counts within the expected normal range, and age 
is associated with mild ONL loss (not an increase) [5], 
providing a fair comparison to our patients to support 
the finding of significant ONL loss. We also acknowledge 
that patient #1 received anti-tau immunotherapy with 
unclear effects on underlying biology and patient #2 had 

hereditary tauopathy. Thus, additional autopsy samples 
are needed to confirm findings, test generalization for 
sporadic tauopathies, and contrast with clinically similar 
AD and FTLD-TDP.

To our knowledge, these data are the first human tis-
sue confirmation of OCT abnormalities in FTD, and 
the first tissue confirmation of an outer retina abnor-
mality seen in dementia patients examined and imaged 

a b c

d
e f

g

h i

j k l

e

Fig. 1  Retinal tissue of patient #1 showing outer nuclear layer (ONL) loss with spatial correlation to ONL thinning seen on optical coherence 
tomography (OCT) and associated brain pathology. Left eye retinal tissue from inferior parafoveal macula (a) (H & E, original magnification X 4). 
This patient had a normal macula with a single druse (blue arrow) at the macula which enabled precise localization of retinal tissue. Boxes show 
corresponding areas of higher magnification (b, c) (original magnification X 20). This patient has some normal appearing ONL (area b, black arrow) 
(about 6 layers of nuclei), but area c shows an area of ONL loss (black arrow) (2–4 layers of nuclei). Other retinal layers have no abnormalities, 
except for typical tissue processing artifactual separation of photoreceptor segments from the ONL and partial separation of INL from the outer 
plexiform layer. There is no artifact affecting ONL nuclei. Full retina examination prior to expiration showed a normal appearing macula with no 
confounding retinal disease. OCT at that time also showed macula ONL thinning, especially at inferior macula. d shows the ETDRS grid location 
of inferior parafoveal OCT scans (e,  f) (green line) and of point measurements (red asterisk). e shows OCT of an age, sex, race matched normal 
control with normal ONL thickness in comparison to ONL thinning seen on this patient’s OCT in which the same druse (blue arrow) seen in retinal 
tissue is visualized (f). OCT image ONL boundaries are shown in blue and green; Heidelberg Spectralis (Franklin, MA) caliper measurements are 
shown. Brain pathology showed four-repeat (4R) tauopathy with threads (g), tufted astrocytes (h), tangles (g) and white matter coiled bodies within 
oligodendrocytes (i) consistent with progressive supranuclear palsy. MRI (j, k, l) showed prominent frontal lobe atrophy that was asymmetric and 
most prominent in left medial and dorsolateral frontal lobes. GCL ganglion cell layer, INL inner nuclear layer, ONL outer nuclear layer
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Fig. 2  Retinal tissue of patient #2 showing outer nuclear layer (ONL) loss, correlation to ONL thinning seen on optical coherence tomography, 
and associated brain pathology. Left eye retina tissue from macula a (H & E, original magnification X 5). Box shows corresponding area of higher 
magnification b (original magnification X 20). There is a significant area of ONL thinning (black arrow) with only 2–4 layers of nuclei. Other retinal 
layers have no abnormalities except for mild tissue processing artifact. There is no artifact affecting ONL nuclei. Full retina examination prior to 
expiration showed a normal appearing macula with no confounding retinal disease. OCT at that time also showed macula ONL thinning. c shows 
the ETDRS grid location of inferior parafoveal OCT scans d, e (green line) and of point measurements (red asterisk). d shows OCT of an age, sex, race 
matched normal control with normal ONL thickness in comparison to ONL thinning seen on this patient’s OCT (e). Brain pathology displayed tau 
pathology consisting of pretangles (f), tangles (f), grains (f, g) and white matter coiled bodies (g) consistent with frontotemporal dementia with 
parkinsonism linked to chromosome 17. MRI (h, i, j) showed severe widespread frontotemporal atrophy bilaterally. GCL ganglion cell layer, INL inner 
nuclear layer, ONL outer nuclear layer
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with OCT during life. These data support the contin-
ued investigation of retina imaging as a biomarker that 
may distinguish FTLD-Tau patients from other demen-
tias including Alzheimer’s disease.
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