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Abstract.

Background: Patients with eye disease have an increased risk for developing neurodegenerative disease. Neurodegenerative
proteins can be measured in the eye; however, correlations between biomarker levels in eye fluid and neuropathological
diagnoses have not been established.

Objective: This exploratory, retrospective study examined vitreous humor from 41 postmortem eyes and brain tissue with
neuropathological diagnoses of Alzheimer’s disease (AD, n=7), chronic traumatic encephalopathy (CTE, n=15), both AD
+ CTE (n=10), and without significant neuropathology (controls, n=9).

Methods: Protein biomarkers i.e., amyloid-3 (AB4942), total tau (tTau), phosphorylated tau (pTau;s; 31), neurofilament
light chain (NfL), and eotaxin-1 were quantitatively measured by immunoassay. Non-parametric tests were used to compare
vitreous biomarker levels between groups. Spearman’s rank correlation tests were used to correlate biomarker levels in
vitreous and cortical tissue. The level of significance was set to o =0.10.
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Results: In pairwise comparisons, tTau levels were significantly increased in AD and CTE groups versus controls (p =0.08
for both) as well as AD versus AD+CTE group and CTE versus AD+CTE group (p =0.049 for both). Vitreous NfL levels were
significantly increased in low CTE (Stage I/I) versus no CTE (p =0.096) and in low CTE versus high CTE stage (»p =0.03).
Vitreous and cortical tissue levels of pTau ,3; (p=0.02, r=0.38) and t-Tau (p = 0.04, r=—0.34) were significantly correlated.
Conclusion: The postmortem vitreous humor biomarker levels significantly correlate with AD and CTE pathology in corre-

sponding brains, while vitreous NfL was correlated with the CTE staging. This exploratory study indicates that biomarkers

in the vitreous humor may serve as a proxy for neuropathological disease.

Keywords: Alzheimer’s disease, amyloid-beta, amyloid-beta protein, biomarker, chemokine CCL11, chronic traumatic
encephalopathy, eotaxin-1, neurofilament protein, tau protein, vitreous humor

INTRODUCTION

The incidence of neurodegenerative disorders like
Alzheimer’s disease (AD) and related dementias
continues torise. As 0of 2021, 6.2 million North Amer-
icans above 65 years of age are suffering from AD;
however, this number is projected to reach 13.2 mil-
lion by 2060 [1]. AD is the most frequent cause
of dementia in Western countries [2]. Currently,
the definitive diagnosis of AD is made by post-
mortem neuropathological examination [3]. In 2018,
the framework of diagnosing AD shifted to defining it
by its underlying pathophysiological processes using
biomarkers such as amyloid-3 (Ap) and tau on imag-
ing and cerebrospinal fluid (CSF) concentrations [4].
In AD, neuropathological changes occur decades
before symptom onset, so by the time a patient is diag-
nosed the therapeutic effect is often limited. Similar
to AD, chronic traumatic encephalopathy (CTE) is
a tauopathy that shares homologous neuropathologi-
cal characteristics such as neurofibrillary tangles and
hyperphosphorylated tau protein aggregates [5] and
post-mortem analysis is needed for definitive diagno-
sis [6]. Given the difficulty in diagnosis, novel sources
of biomarkers that can aid in earlier diagnosis of these
neurodegenerative diseases are of particular interest.

Interest in finding noninvasive diagnostic crite-
ria of neurodegenerative diseases has led to studies
on possible markers in the eye. Thinning of the
retinal and choroidal layers have been previously
demonstrated via noninvasive imaging with opti-
cal coherence tomography (OCT) in patients with
AD compared to controls [7-16]. However, the use
of OCT as a diagnostic tool for AD is limited
by common comorbidities such as aging, diabetes,
hypertension, and glaucoma, most of which are asso-
ciated with AD and contribute to retinal and choroidal
thinning [10, 17, 18]. Even though patients with
eye morbidities can commonly develop AD, they
are excluded from studies investigating OCT and

OCT angiography as a diagnostic device. Alternately,
the amyloid, tau, and neurodegeneration (AT(N))
biomarker index in the eye may be of potential
diagnostic value in neurodegenerative diseases [4].
The shared embryologic origin of the eye and the
brain can improve our understanding of both neu-
rological and ophthalmic disorders [19-23]. Several
studies have established a link between neurodegen-
erative diseases like AD and ophthalmic conditions
like glaucoma, diabetic retinopathy, age-related mac-
ular degeneration, and cataracts [24-27]. Therefore,
patients with eye disease represent a population at
increased risk for the development of AD, and the
investigation of biomarkers in this target population
will be important for early diagnosis and proper man-
agement. Our study group has previously reported
biomarkers amyloid-B49 (AB4o), AB42, total tau, and
neurofilament light chain (NfL) in the vitreous humor
of the eye was significantly correlated with impaired
cognitive function but not associated with presence
of an eye disease [28, 29].

In this novel exploratory study, we aim to inves-
tigate the association of these neurodegenerative
biomarkers in postmortem vitreous humor with post-
mortem pathological brain diagnosis, and cortical
tissue in the corresponding brains.

METHODS

Autopsy participants were drawn from the
Understanding Neurologic Injury and Traumatic
Encephalopathy (UNITE) brain bank [30]. Inclusion
criteria requires a history of repetitive head injury
(RHI), including those from contact sport play, mil-
itary service, physical violence, and other sources.
The criteria were recently expanded to include a his-
tory of moderate to severe traumatic brain injury [30].
Donations with postmortem intervals greater than 72
hours were excluded. Brain donations are made by the
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next-of-kin who contacted the brain bank at the time
of death. Other donations came through referrals from
medical examiners and/or the Concussion Legacy
Foundation. Consent for the use of tissue for research
purposes was obtained from the legal healthcare
proxy and the study was approved by the Boston Uni-
versity Medical Center Institutional Review Board
(IRB H-37370). The study was performed in accor-
dance with the ethical standards of the Committee
on Human Experimentation of our institution and
the Declaration of Helsinki. Herein, we conduct an
exploratory retrospective clinical study examining 41
donated postmortem eyes and corresponding brains,
which underwent neuropathologic examination dur-
ing autopsy as described below. Vitreous samples
were collected at the time of postmortem autopsy and
were frozen at —80°C.

Neuropathological analysis

Neuropathological processing included compre-
hensive screening for neurodegenerative conditions
following procedures established for the VA-BU-
CLF brain bank [30, 31]. Briefly, all cases were
evaluated based on paraffin-embedded tissue sections
taken from standardized regions for histochemi-
cal and immunohistochemical staining. They were
assessed for the extent of involvement/spread of
cerebral A, neurofibrillary tangles, and neuritic
amyloid plaques. Those with intermediate/high AD
neuropathologic change as per National Institute on
Aging and Reagan Institute (NIA-RI) criteria were
classified as having AD [32]. CTE was neuropatho-
logically diagnosed using the NIH/NINDS consensus
criteria, which include abnormal perivascular accu-
mulations of hyperphosphorylated tau (p-tau) in
neurons, with or without astrocytes, and cell pro-
cesses concentrated at the sulcal depths [33, 34]. CTE
is staged based on regional p-tau involvement [33,
35]. Controls were defined as those participants with
a history of RHI, but without significant neurode-
generative disease (e.g., no CTE and no to low AD
neuropathological changes).

Immunoassay measurement for amyloid, tau,
NfL, and Eotaxin-1/CCL11 proteins

Protein biomarker levels were measured both in
the vitreous humor of postmortem eyes and cortical
tissue of the brain by Meso Scale Discovery (MSD,
Rockville, MD, USA) quantitative immunoassays.
Biomarkers measured include AB49 and AB42, total

and phosphorylated tau (tTau, pTau;g;, and pTaus3;
respectively), NfL, and Eotaxin-1/CCL11. These
markers were specifically chosen as they have been
previously detected in antemortem human vitreous
samples at significant levels in prior reports by our
group [28, 29]. Vitreous samples were centrifuged
for 15min at 12,000rpm to separate the cellular
contents, aliquoted at 100 pL, and frozen at —80°C.
For all assays vitreous fluid was diluted 1:1 with
1% Blocker A (MSD #R3BA 4) in wash buffer
for a total volume of 200 pL. Samples were subse-
quently spun down at 17,000 g and 4°C for 15 min,
and the supernatant was applied to the immunoas-
say. Brain tissue was diluted with five-fold volume
of ice cold 5 M Guanidine Hydrochloride /50 mM
Tris-HCL, pH 8.0, with protease inhibitors (Thermo
Scientific, 78439) and phosphatase inhibitors (Sigma,
P5726 and P0044). Tissue was homogenized using
TissueLyser LT (Qiagen 85600) at 50 Hz speed for
5 min. The homogenates were shaken at room tem-
perature overnight and then diluted with ice cold
1% Blocker A (MSD, #R93BA-4) in wash buffer
by 1:300 and centrifuged at 17,000 g, for 15 min
at 4°C. The supernatant was carefully removed
and stored at —80°C until use. Immunoassay was
performed using MSD platform following the manu-
facturer’ instructions and in duplicate (Meso Scale
Discovery, Gaithersburg, MD). Assay kits we uti-
lized for AB4g, and AB4y (MSD #K15200E) and
pTaupz; (K15121D). Tau antibodies BT2, AT270 and
HT?7 (Thermo Fisher Scientific, #MN1010, MN1050
and MN1000B) were used to capture/detect tTau and
pTau;g;. Measurements were performed using the
multi-detection SPECTOR 6000 Imager (MSD).

Statistical methods

The level and spread of vitreous biomarker within
each group were summarized by reporting medi-
ans and interquartile range (IQR). Non-parametric
ANOVA - Kruskal-Wallis Rank sum test was per-
formed to determine any significant differences
in vitreous biomarker levels (AB4g, AB42, tTau,
pTaujg;, pTaupz;, NfL, Eotaxin-1/CCL11) by the
pathology group. After finding significant differences
using the Kruskal-Wallis test, post hoc analysis was
done using Wilcoxon Rank Sum test to assess sig-
nificant pairwise differences in vitreous biomarker
levels between groups. Significant differences in vit-
reous biomarker levels among different stages of
CTE, i.e., low (stage I and II) and high (stage III and
IV) were also tested using non-parametric ANOVA
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Table 1

Demographic characteristics of postmortem study specimens, by individual study groups and CTE staging
Study parameter Entire Controls, AD only, CTE only, AD + CTE,
[Median (IQR) cohort, n=9 n=17 n=15 n=10
orn (%)] n=41
Age,y 72 (65-81) 63 (46-69) 81 (69.5-82.5) 69 (46.5-74.5) 81.5(77.5-83.8)
Sex, Male 39 (95.1) 8(88.9) 7 (100) 14 (93.3) 10 (100)
Braak Stage

0 10 (25.6) 5(55.6) 0(0) 5(38.5) 0(0)

I-1T 4(10.3) 3(33.3) 0(0) 1(7.7) 0(0)

1I-Iv 11 (28.2) 1(11.1) 1(14.3) 6(46.2) 3(30)

V-VI 14 (35.9) 0(0) 6 (85.7) 1(7.7) 7(70)
CERAD Score

0 20 (48.8) 8(88.9) 0(0) 12 (80) 0(0)

1 10 (24.4) 1(11.1) 1(14.3) 3(20) 5(50)

2 7(17.1) 0 (0) 4(57.1) 0(0) 3(30)

3 4(9.8) 0(0) 2 (28.6) 0(0) 2 (20)
Study parameter Entire No CTE, Low stage High stage CTE
[Median (IQR) cohort, n=16 CTE (Stage I (Stage III or
orn (%)] n=41 orll),n =35 1IV), n=20
Age,y 72 (65-81) 69 (58.8-75.8) 32 (27-46) 77.5 (69.8-83)
Sex, Male 39 (95.1) 15 (93.8) 5 (100) 19 (95)
Braak Stage

0 10 (25.6) 5(31.2) 4 (80) 1(5.6)

I-1T 4(10.3) 3(18.8) 0(0) 1(5.6)

1I-1v 11 (28.2) 2 (12.5) 0(0) 9 (50)

V-VI 14 (35.9) 6 (37.5) 1(20) 7(38.9)
CERAD Score

0 20 (48.8) 8 (50) 4 (80) 8 (40)

1 10 (24.4) 2 (12.5) 0(0) 8 (40)

2 7(17.1) 4(25) 1(20) 2 (10)

3 4(9.8) 2 (12.5) 0(0) 2 (10)

IQR, Interquartile range; AD, Alzheimer’s disease; CTE, chronic traumatic encephalopathy.

- Kruskal-Wallis Rank sum test. Wilcoxon rank sum
tests was performed for pairwise comparisons, with
Benjamini & Hochberg method to adjust for multiple
comparisons. Spearman’s rank correlation was used
to compare biomarker levels in vitreous humor and
cortical tissue. All p-values were adjusted for multi-
ple comparisons using the Benjamini & Hochberg
method [36], but we provide both unadjusted and
adjusted p values in this study. Two-sided p values of
less than 0.10 were considered statistically significant
because of the exploratory nature and limited sample
size of this study. Outlier data, defined as data beyond
three times the IQR below and above the first and third
quartile value, were removed for the results presented
here. The results are not age adjusted because of the
exploratory nature of the study with a small sample
size with large variability.

RESULTS

A total of 41 brain and corresponding eye post-
mortem specimens were examined. The median age

at death was 72 (65.0 to 81.0) years and 39 (95.1%)
specimens were from male patients (Table 1). Out
of the 41 specimens, 9 (21.95%) were controls,
7 (17.07%) had AD pathology only, 15 (36.59%)
had CTE pathology only, and 10 (24.39%) were
diagnosed with combined AD and CTE pathology
(Table 1). Also, out of 41 specimens, 16 (39%) had
no evidence of CTE, 5 (12.2%) had low CTE i.e.,
CTE stage I or I and 20 (48.8%) had high CTE i.e.,
CTE Stage IIl or IV (Table 1).

Relationship between different vitreous
biomarkers and pathological diagnosis

On the Kruskal-Wallis rank sum test, vitreous
biomarker levels were significantly different between
the neuropathological diagnoses for vitreous tTau
(»=0.02) and pTauy3; (p=0.09). Further pairwise
comparisons with adjustment for multiple compar-
isons revealed that the vitreous tTau was significantly
increased in AD only (p=0.08) and CTE (p =0.08)
groups compared to controls, and similarly increased
in AD only (p=0.049) and CTE (p=0.049) groups



Table 2
Wilcox-Test results for pairwise comparisons between all study groups, unadjusted for multiple comparison and adjusted for multiple comparisons (Benjamini & Hochberg)

Vitreous Control Versus AD Versus Versus AD only Versus AD+CTE Versus AD+CTE CTE only Versus AD+CTE AD + CTE
Biomarker only CTE AD+CTE
Median P pt p pt P p* Median P p* P pt Median p pt Median
(IQR) (IQR) (IQR) (IQR)
tTau, pg/mL 167000 0.054*  0.08*  0.04** 0.08* 0.82 0.98 1720000 >0.99 >0.99 0.016** 0.049** 2170000 0.015** 0.049** 194000
(84400-1010000) (1030000-4190000) (27900-6780000) (57700-710000)
n=38 n=17 n=15 n=9
pTaug;, U/mL 102 (55-256) 0.09* 0.28 0.056* 028 096 0.96 364 (284-446) 0.49 0.59 0.46 0.59 273 (175-435) 0.31 0.59 120 (39.6-410)
n=8 n=7 n=15 n=9
pTauys;, U/mL 2510 (836-9480)  0.28 0.42 0.17 033 048 0.58 23000 (5610-29000)  0.97 0.97 0.04** 0.13 17800 (1840-36400)  0.04** 0.13 1180 (198-5190)
n=8 n="7 n=14 n=9
AB4o, pg/mL 484 (363-700) 0.61 0.74 015 071 054 0.74 482 (382-546) 0.24 0.71 0.84 0.84 358 (176-482) 0.52 0.74 458 (245-563)
n=8 n=17 n=15 n=9
AB4y, pg/mL 29.6 (21.6-43) 0.54 0.64 0.10 0.60 0.32 0.64 30.0 (20.5-31.8) 0.24 0.64 >0.99 >0.99 18.1 (6.02-25.7) 0.48 0.64 30.2 (10.1-33.1)
n=8 n=7 n=15 n=9
NfL, pg/mL 811 (577-9700) 0.53 0.96 080 096 0.52 0.96 2640 (1050-2650)  0.96 0.96 0.65 0.96 1730 (714-4750) 0.34 0.96 1130 (99.6-3480)
n=17 n=>5 n=14 n=6
Eotaxin-1, pg/mL  49.8 (39.5-92.1)  0.96 >0.99 087 >0.99 0.09* 0.28 66.5 (20.9-115) >0.99 >0.99 0.07* 0.28 54.1(22.4-162) 0.14 0.28 19.5 (13.5-46.4)
n=8 n=17 n=14 n=9

p, unadjusted p value; p*, p value after adjusting for multiple comparisons testing. *p <0.10; **p <0.05. IQR, interquartile range; AD, Alzheimer’s disease; CTE, chronic traumatic encephalopathy;

A, amyloid-; tTau, total tau; pTau, phosphorylated tau; NfL, neurofilament; pg/mL, picograms per milliliter; U/mL, units per milliliter.
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Fig. 1. Boxplots of vitreous fluid biomarkers levels of total Tau, by study groups, compared using Kruskal-Wallis rank sum test with p
values adjusted for multiple comparisons and only statistically significant values (p <0.10) mentioned. tTau, total tau proteins; CTE, chronic

traumatic encephalopathy; AD, Alzheimer’s disease.

compared to the AD+CTE group (Table 2, Fig. 1).
There were statistically significant increases in levels
of vitreous pTaul81 in AD only and CTE only versus
controls; vitreous pTauy3; levels in AD only and CTE
only versus AD+CTE; and vitreous eotaxin-1 levels
in controls and AD only versuss AD+CTE- all of
which lost significance after adjustment for multiple
comparisons (Table 2).

Relationship between various vitreous biomarker
levels and pathological staging

Vitreous biomarkers were compared between
groups having no CTE, low CTE (Stage I or II)
and high CTE (Stage III or IV). In pairwise com-
parison adjusting for multiple comparisons, NfLL was
significantly increased in low stage CTE versus no
CTE (p =0.096) and versus high stage CTE (p =0.03)
(Table 3, Fig. 2). In pairwise comparison, A4y vit-
reous levels were significantly decreased in low CTE
versus no CTE (p=0.07); however, this association
was lost after adjustment for multiple comparisons.

Relationship between vitreous and cortical tissue
biomarker levels

When assessing correlation between vitreous
biomarker levels and corresponding cortical brain tis-
sue biomarker levels, tTau (r=-0.34, p =0.04,n=37)
and pTauzz; (r=0.38, p=0.02, n=36) were sig-
nificantly correlated (Fig. 3). tTau had a weak to
moderate negative correlation whereas pTau,3; had
a weak to moderate positive correlation between the
vitreous and cortical levels.

DISCUSSION

Recent studies have investigated different ocular
biomarkers to diagnose neurodegenerative disease
such as neurodegenerative proteins in the retina [37]
as well as the vitreous, aqueous, and tear fluids of the
eye [38, 39]. A previous study from our group found
an association of elevated AB49, AB42, and tTau in the
vitreous humor of patients with lower MMSE scores,
but no formal diagnosis of dementia at the time of
participation [28]. In our current study we found that



Table 3

Wilcox-Test results for pairwise comparisons between CTE stages, unadjusted for multiple comparison and adjusted for multiple comparisons (Benjamini & Hochberg)

Vitreous No CTE Versus CTE Versus CTE CTE Stage I/IT Versus CTE CTE Stage II/IV
Biomarker Stage /I Stage III/IV (low stage) Stage ITII/IV (high stage)
Median (IQR) p pr P pr Median (IQR) P pr Median (IQR)
tTau, pg/mL 743000 0.20 0.29 0.78 0.78 5340000 0.18 0.30 710000
(167000-2080000) (661000-7770000) (112000-3030000)
n=15 n=>5 n=19
pTau;g;, U/mL 260 (102-424) >0.99 >0.99 0.70 >0.99 196 (154-207) 0.72 >0.99 290 (126-466)
n=15 n=5 n=19
pTaup3;, U/mL 7390 (1090-24600) 0.40 0.58 0.58 0.58 15500 (5190-20100) 0.29 0.58 3620 (410-22200)
n=15 n=5 n=18
AB40, pg/mL 482 (361-612) 0.27 0.40 0.22 0.40 458 (98.4-466) 0.95 0.95 417 (250-535)
n=15 n=35 n=19
AB42, pg/mL 30 (19-34.8) 0.07* 0.20 0.26 0.26 10.1 (2.07-15.6) 0.21 0.26 21.9 (10.7-32.3)
n=15 n=>5 n=19
NfL, pg/mL 1020 (665-2660) 0.06* 0.096* 0.27 0.27 6700 (4040-16600) 0.01** 0.03** 848 (282-2160)
n=12 n=5 n=15
Eotaxin-1, pg/mL 56.1 (25.9-115) >0.99 >0.99 0.17 0.50 51.7 (36-120) 0.49 0.74 31.4(14.8-71.4)
n=15 n=5 n=18

p=unadjusted p value and p* =p value after adjusting for multiple comparisons testing. *p <0.10 and **p <0.05. IQR, interquartile range; AD, Alzheimer’s disease; CTE, chronic traumatic
encephalopathy; AR, amyloid-; tTau, total tau; pTau, phosphorylated tau; NfL, neurofilament light; pg/mL, picograms per milliliter; U/mL, units per milliliter.
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Fig. 2. Boxplots of vitreous fluid biomarkers levels of NfL, by CTE staging, compared using Kruskal-Wallis rank sum test with p values
adjusted for multiple comparisons and only statistically significant values (p <0.10) mentioned. NfL, neurofilament light chain; CTE, chronic

traumatic encephalopathy.
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Fig. 3. Scatter plot showing correlation between vitreous and cortical biomarker levels for (a) tTau and (b) pTaup3; ; assessed using Spearman’s
correlation test and only statistically significant values (p <0.10) mentioned. tTau, total tau proteins; pTaup3;, phosphorylated tau 231.

the postmortem vitreous humor levels of tTau were
significantly associated with the neuropathological
diagnoses of AD and CTE in postmortem brains. Vit-
reous levels of tTau were significantly elevated in AD
and CTE groups when comparing to the AD+CTE
group and controls. We additionally found that NfL.
levels were found to have a significant association
with CTE stage. NfL was significantly increased in
low stage CTE versus no CTE as well as low stage
CTE versus high stage CTE. Finally, we found that

vitreous levels of pTau231 and tTau were signifi-
cantly correlated to cortical brain tissue levels of
the same biomarkers. This is the first study to our
knowledge to study the role of vitreous biomarkers
in prognostication of neurodegenerative diseases and
relationship with cortical biomarker levels. Our find-
ings provide further evidence to support the potential
role of vitreous biomarkers in early diagnosis and
prognostication of neurodegenerative diseases like
AD and CTE.
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In CSF, tTau and pTau levels have been proven to
be highly concordant with AD and helpful in mak-
ing a diagnosis [40, 41]. Additionally, our group
has recently demonstrated pTauy3; levels in CSF
to be significantly higher in both low stage and
high stage CTE groups compared to the controls or
AD only group. Conversely AB1-42 was significantly
decreased in CTE, suggesting that the relationship
between cortical and CSF A levels is altered in CTE
compared to AD [42]. Hence, the combination of
these biomarkers could be useful in distinguishing
CTE from AD. Previously, Olczak et. al. investigated
biofluids including vitreous humor and tested levels
of microtubule associated protein tau in patients with
severe TBI at death, but only found elevated lev-
els in urine and saliva [43]. The lack of change in
the vitreous in that study may be due to the acute
nature of the injury or due to the relatively small
sample size. Hart de Ruyter et al. recently demon-
strated that the pathological tau load in the retina was
increased in patients with AD and correlated with the
Braak stage for neurofibrillary tangles, hence corre-
lating with the tau pathology in the brain [37]. In
this study, we see that tTau levels in vitreous humor
were significantly increased in both the AD only and
CTE groups relative to controls, concordant with the
prior literature on CSF changes in AD and CTE [5,
42,44-46]. Interestingly, similar to results previously
reported in postmortem CSF [42], vitreous levels of
AB4; were decreased in low stage CTE relative to
no CTE, although significance was lost after adjust-
ment for multiple comparisons. Similarly, low AB4;
CSF levels were also reported in a group of pro-
fessional athletes who have experienced repetitive
concussive traumatic brain injury, when compared to
healthy controls [47]. Hence, these eye-based protein
biomarkers could be a more accessible and cost-
effective adjunct for diagnosis or prognostication in
neuropathological disease diagnosis.

Also, this study reports a significant increase in
vitreous tTau in both the AD only and CTE only
groups compared to the AD+CTE group. Addition-
ally, pTaup3; in vitreous humor was significantly
increased in both the AD only and CTE only groups
relative to the AD+CTE group on initial analysis.
Eotaxin-1/CCL11 has previously been shown to be
increased in frontal cortex and CSF in CTE, but not
in AD [48]. We did not see this trend in vitreous
fluid although preliminary analyses showed that lev-
els of eotaxin-1/CCL11 were decreased in AD+CTE
compared to controls and the AD only group. The
relationship between various protein biomarkers in

coexistent AD+CTE are not fully understood but
these results indicate a decreasing trend of these
biomarkers in groups with both AD+CTE compared
to AD only or CTE only, which may be a result
of greater disease burden with combined AD and
CTE. These results could serve as a starting point to
investigate the relationship between these two neu-
ropathological entities and the resultant changes in
vitreous humor.

NfL has been widely studied in both blood and CSF
as a marker of traumatic brain injury (TBI) [49-52].
Less is known about the association between NfL lev-
els and CTE, a neurodegenerative disease linked with
repetitive mild TBIs. However, preliminary studies
also suggest that blood NfL levels increase with the
severity of concussion as measured by decreased
white matter integrity [49, 52] and in those with CTE
[53]. Our group previously reported that NfL levels
in the vitreous of cognitively normal patients with
underlying eye disease are associated with AD mark-
ers such as ABa42, AB4o, and t-tau as well as other
inflammatory and vascular cytokines [29]. This study
did not find an association of vitreous NfL. with the
neuropathological diagnosis, but it was associated
with CTE staging, consistent with prior studies in
CSF. We saw statistically significant increase in NfL.
in low stage CTE versus controls as well as versus
high stage CTE, which was retained on further adjust-
ment for multiple comparisons. Further larger sample
sized studies could be helpful to elucidate its role as
a biomarker for CTE staging.

In this study, we additionally found a significant
correlation between the vitreous and brain cortical
levels of tTau (negative correlation) and pTau;3 (pos-
itive correlation). Tau proteins play a similar role
in the brain and the eye — they regulate axonal and
cytoskeletal transport in both organs and impact A3
accumulation and cell-survival signaling in the retina
and brain [54]. Although release of tTau from the
brain is a possible source of this protein in the vitre-
ous, several studies have found tau aggregates in the
retina correlated to ophthalmic diseases such as age-
related macular degeneration, retinitis pigmentosa,
macular hole, diabetic retinopathy, and glaucoma [55,
56]. Further studies are needed to demonstrate cor-
relation of vitreous and cortical levels with clinical
diagnosis and pathology.

The potential utility of procuring eye fluid for
immunoassay analyses, as a diagnostic marker for
AD or CTE, is still being explored. Compared to
CSF analysis, a sampling eye fluid may be poten-
tially safer, quicker, and more accessible to obtain
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with a potentially less risk of adverse events. It may
be done as an outpatient office procedure via aspira-
tion with a needle tap and, depending on the type of
eye fluid, it may not require surgical tools such as a
mechanized biopsy with a vitrector. Ophthalmologic
data on this procedure has demonstrated a high suc-
cess rate for the diagnostic yield as well as similar
safety profile compared to surgical vitreous biopsy
[57, 58]. Furthermore, study of other ocular speci-
mens such as aqueous humor or tear film as potential
biomarkers of neurodegenerative diseases would fur-
ther mitigate safety risks, especially tear fluid which
can be obtained noninvasively.

Our findings build upon our previous work that
vitreous fluid reflects pathological changes in the
brain. In addition, this is the first study to find a
link between vitreous biomarkers and CTE. These
findings are foundational for future studies that may
investigate the role of vitreous biomarkers and other
eye fluid biomarkers in the diagnosis, prognostica-
tion, and management of diseases such as AD and
CTE.

There were limitations to our study. First, we had
a small sample size due to the reliance on donation
of post-mortem brain and ocular tissue samples for
our study methodology. Given this limitation, sub-
dividing the samples into pathologic groups resulted
in several mixed cases of both AD and CTE and the
overlap in the pathology of these diseases could be
potentially confounding. Future studies with larger
numbers will also allow for consideration of vascular
and white matter pathologies. Secondly, the median
age of our control group was younger which might
affect the levels of tTau, which is known to increase
with aging. We were unable to adjust for age in our
statistical analysis because of the small sample size
and variability in age. As the AD only and AD+CTE
groups are older than other groups, we should be
cautious on interpreting the results when compar-
ing these groups to others. Thirdly, our study uses
controls with a history of RHI, and not true controls
with no RHI or pathology, which potentially under-
estimates our effect and may bias towards null. Also,
this study was retrospective by design, hence thereis a
possibility for selection bias; nearly all patients were
male; thus, further longitudinal studies with larger
sample sizes are needed to yield generalizable results
to the patient population. Lastly, we did not have clin-
ical information on any eye diseases which may have
affected biomarker levels.

To summarize, this exploratory study found a
link of several vitreous biomarkers with patho-

logically confirmed AD and CTE. Alterations of
neurodegenerative proteins in the eye may reflect
neuropathological changes in the brain and further
support investigations into the eye’s potential role in
the diagnosis of neurodegenerative diseases.
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