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Abstract

Background Protein biomarkers have been broadly investigated in cerebrospinal fluid and blood for the detection
of neurodegenerative diseases, yet a clinically useful diagnostic test to detect early, pre-symptomatic Alzheimer’s
disease (AD) remains elusive. We conducted this study to quantify AR40, AR42, total Tau (t-Tau), hyperphosphorylated
Tau (ptau181), glial fibrillary acidic protein (GFAP) and neurofilament light chain (NfL) in eye fluids relative to blood.

Methods In this cross-sectional study we collected vitreous humor, aqueous humor, tear fluid and plasma in patients
undergoing surgery for eye disease. All six biomarkers were quantitatively measured by digital immunoassay. Spear-
man and Bland-Altman correlation analyses were performed to assess the agreement of levels between ocular fluids
and plasma.

Results Seventy-nine adults underwent pars-plana vitrectomy in at least one eye. Of the 79, there were 77 vitreous,
67 blood, 56 tear fluid, and 51 aqueous samples. All six biomarkers were quantified in each bio-sample, except GFAP
and NfL in tear fluid due to low sample volume. All six biomarkers were elevated in vitreous humor compared

to plasma samples. T-Tau, ptau181, GFAP and NfL were higher in aqueous than in plasma, and t-Tau and ptau181
concentrations were higher in tear fluid than in plasma. Significant correlations were found between AB40 in plasma
and tears (r=0.5; p=0.019), t-Tau in plasma and vitreous (r=0.4; p=0.004), NfL in plasma and vitreous (r=0.3; p=0.006)
and plasma and aqueous (r=0.5; p=0.004). No significant associations were found for AB42, ptau181 and GFAP
among ocular fluids relative to plasma. Bland—Altman analysis showed aqueous humor had the closest agree-

ment to plasma across all biomarkers. Biomarker levels in ocular fluids revealed statistically significant associations
between vitreous and aqueous for t-Tau (r=0.5; p=0.001), GFAP (r=0.6; p <0.001) and NfL (r=0.7; p <0.001).

Conclusion AD biomarkers are detectable in greater quantities in eye fluids than in plasma and show correlations
with levels in plasma. Future studies are needed to assess the utility of ocular fluid biomarkers as diagnostic and prog-
nostic markers for AD, especially in those at risk with eye disease.
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Background

Alzheimer’s Disease (AD) is the most common cause of
dementia in the elderly. With an expected prevalence
of 13.8 million individuals in the United States (US) by
2060 [1] and 152 million worldwide by 2050 [2], AD is
a neurodegenerative disease characterized by the accu-
mulation of neuritic amyloid plaques and hyperphos-
phorylated tau. The current diagnostic protocol includes
functional assessment and neuropsychological testing, if
warranted. Cerebrospinal fluid (CSF) analysis and cen-
tral nervous system (CNS) imaging may be used to aid
in the diagnosis. However, the expensive and potentially
invasive nature of this testing precludes its broad applica-
tion and use as a screening tool for early diagnosis. Given
that newly approved treatments may slow progression of
AD, it will be vital to develop diagnostic methods that are
widely available and can identify the disease in its earliest
stages.

In recent years, blood-based biomarkers (BBB) from
plasma and serum are showing promise for the diagnosis
of AD [3, 4]. BBB can potentially be used by both spe-
cialized and primary care clinics to test the heterogenous
older population at risk for AD and may represent a valu-
able screening tool for clinical trials to identify asympto-
matic AD patients. However, the complex composition
of blood makes it difficult to develop both sensitive and
specific markers for preclinical AD diagnosis.

Those with eye disease are at increased risk for devel-
oping AD. Former studies have shown that patients with
eye disease, such as diabetic retinopathy, age-related
macular degeneration, and glaucoma, confer a higher
risk of AD development [5, 6]. The eye and brain share
a common anatomic and developmental origin [7], and
recent research has focused on ocular fluids as a poten-
tial reservoir for neurodegenerative biomarkers for early
AD diagnosis. In prior studies, our group has demon-
strated measurable concentrations of amyloid B (Ap)40,
AB42, hyperphosphorylated tau 181 (ptaul8l), total tau
(t-Tau), and neurofilament light chain (NfL) in the vitre-
ous humor [8-10].

While vitreous fluid can be collected in either the clinic
or operating room, other ocular fluids such as aqueous
humor or tear fluid are more easily accessible. Other
groups have successfully measured concentrations of
amyloid, tau, NfL miRNAs, translation initiation factors
and lipoproteins in both aqueous humor [11-14] and
tears [15—18]. The purpose of this study is to explore the
relative concentrations of AB40, AP42, ptaul8l, t-Tau,

glial fibrillary acidic protein (GFAP) and NfL in three dif-
ferent ocular fluids: vitreous humor, aqueous humor, and
tear fluid, and to reference them to plasma levels in the
same cohort of patients.

Methods
This prospective, cross-sectional cohort study was con-
ducted at Boston University Medical Center (BUMC).
Approval and oversight for the study protocol were pro-
vided by the BUMC Institutional Review Board (study
reference number H-37370, principal investigator MLS)
and the study was carried out in accordance with the eth-
ical standards of the Committee on Human Experimen-
tation of our institution and the Declaration of Helsinki.
Inclusion criteria included participants aged 18 years
or older with a primary language of English or Spanish
requiring pars plana vitrectomy (PPV) for ophthalmic
disease. Surgical indications for PPV included rheg-
matogenous retinal detachment (RRD), macular hole
(MH), epiretinal membrane (ERM), and complications
of diabetic retinopathy (DR) such as vitreous hemor-
rhage (VH) and tractional retinal detachment (TRD).
Written informed consent was obtained from all patients
who participated in the study, and no individuals were
excluded due to existing ocular or medical comorbidities.
Demographic and clinical data were obtained through
the completion of a patient questionnaire as well as
by review of patients’ electronic medical records in a
standardized manner. Demographic data included age,
sex, self-declared ethnicity, and the highest educational
level completed, along with athletic and military history.
Clinical information was collected on study participants,
including medical and smoking history, history of head
and/or neck injuries, family history of cognitive dysfunc-
tion, and subjective cognitive complaints. Furthermore,
baseline color vision, ocular history, and family history of
ocular disease were obtained.

Biospecimen collection

Vitreous samples were collected at the start of each vit-
rectomy procedure with 0.5-1.0 mL of undiluted vit-
reous fluid aspirated via the vitrectomy probe into an
attached sterile 3-mL syringe. Infusion of balanced salt
solution into the vitreous cavity was immediately under-
taken in order to re-pressurize the eye. Aqueous sam-
ples were collected through the limbus prior to initiating
vitrectomy using a 1 cc syringe and hypodermic needle
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(30 gauge) to aspirate 100—150 pl of undiluted aqueous.
Balanced salt solution was used to reform the anterior
chamber. The syringes containing both eye fluid speci-
mens were capped using sterile technique and directly
handed to a research assistant who labeled them with a
predetermined non-identifiable study number and placed
the samples on ice. In the Molecular Genetics Core Lab-
oratory (MGCL) at Boston University Medical Center,
vitreous and aqueous fluid were centrifuged for 15 min
at 12,000 rpm to separate the cellular contents, divided
into 100 ul aliquots, and frozen at — 80 °C. Aside from
the collection of the vitreous and aqueous samples, each
study participant’s vitrectomy was completed according
to the clinical standard of care for that patient’s ocular
condition.

Tear fluid and blood samples were collected on sepa-
rate clinical visits from all study participants within 1-2
months of collection of vitreous and aqueous samples.
Tear fluid was collected from both eyes via Schirmer’s
tear strips (Eye Care and Cure Corp., AZ) without topical
anesthesia. The strips were placed between the palpebral
and bulbar conjunctiva in the inferior sac for 2 min [19]
with the eyes closed. We used multiple Schirmer strips
on both eyes of each participant within the 2-min win-
dow. To maximize tear fluid collection, we used multiple
rounds of collection with Schirmer’s strips, up to 45 min
for as long as the participant was willing to tolerate it.
The soaked Schirmer strips were placed in a punctured
0.5 ml tube, and these 0.5 ml tubes were further placed
inside 1.5 ml Eppendorf tubes. Then the soaked strips
were centrifuged to separate the fluid from the strip into
the 1.5 ml tubes through the pores of 0.5 ml tubes and
aliquoted with micropipettes. Tear fluid samples were
stored at — 80 °C until time of analysis. For the blood
samples, eighteen milliliters of whole blood was drawn
from each patient into EDTA-treated purple top tubes.
The MGCL processed the de-identified blood samples
into their component serum, plasma, and bufty coat.

Immunoassay measurements

Vitreous, aqueous, tear fluid, and plasma samples were
tested for AP40, AP42, ptaul8l, t-Tau, GFAP, and NfL.
Briefly, AP42, AP40, and t-Tau relative concentra-
tions were measured using Neurology 3-Plex A Assay
(#101,995, Quanterix, MA) with a 4- fold dilution on
HD-X analyzer (Quanterix). ptaul81 levels were meas-
ured using ptaul81 V2 Advantage kit (#103,714, Quan-
terix, MA) with a 4- fold dilution. Concentrations of
GFAP and NfL were measured using the combined Neu-
rology 2-Plex B assay (#103,520, Quanterix, MA) with a
fourfold dilution for vitreous and plasma and an eightfold
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dilution for aqueous samples. All samples were processed
per manufacturer’s instructions in the immunoassay kits.
There were insufficient tear fluid volumes to allow for
testing of all biomarkers (Table 1). Based on results from
our prior studies, we prioritized the biomarker assays for
tears to focus on pTaul8l, total tau, Ap40 and AP42.

Statistical analysis

The level and spread of each biomarker within each bio-
fluid were summarized by reporting means, medians,
and interquartile ranges (IQR). Because of skewness in
the distribution of biomarkers, we used nonparametric
Spearman’s rank rho correlation coefficient to assess the
relationship among the relative concentration of each
neurodegenerative biomarker in different ocular fluids.
The correlations may be interpreted as weak, moderate,
good, or excellent based on correlation coefficient val-
ues of less than 0.50, 0.50 to 0.75, 0.76 to 0.90, or 0.91 to
1.00, respectively, based on previously described guide-
lines [20]. We used Bland—Altman analysis to quantify
the agreement of biomarker levels between plasma and
the three ocular fluids. Bias, defined as the average pair-
wise difference in plasma biomarker levels and one of the
three other biomarker levels, and 95% limits of agree-
ment (LOA) are estimated using a regression approach
[21]; this accounts for the complex relationship between
bias and magnitude of plasma biomarker levels. All P val-
ues <0.05 were considered significant for these explora-
tory analyses, and those between 0.05 and 0.1 were
considered trends.

Results

We enrolled 79 eyes of 79 adults who underwent pars
plana vitrectomy. Of the 79 patients who underwent
sample collection, we ultimately collected 77 vitreous
humor samples, 67 blood samples, 56 tear fluid sam-
ples, and 51 aqueous humor samples. Missing samples
were due to various difficulties, including challenges
with specimen collection, patients refusing blood

Table 1 Biospecimen volume collections

Biospecimen Volume (pL)
Mean Median Range

Blood

Plasma 2,670 3,150 0-8,100
Ocular fluids

Vitreous Humor 1,111 1,085 250-2,150

Aqueous Humor 109 120 0-320

Tear Fluid 79 75 0-180

Data is reported as volume values in microliter (uL)
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draws, and inadequate sample volume (common with
tear fluid and aqueous fluid). Study population char-
acteristics are displayed in Table 2. Participants had
a mean age of 57.6+12.2 years at the time of consent
into the study and 40.5% were female. The ethnic break-
down of our study population is a close representation
of the patient population typically seen at the eye clinic

Table 2 Demographic participants’ characteristics

Parameter N (%) or Mean +SD
Participants (Eyes N=79) 79
Age (years) 576+122
Female Gender 32 (40.5)
Ethnicity
Hispanic/Latino 36 (45.6)
Not Hispanic/Latino 42 (53.2)
Not reported/Missing 1(1.3)

Data is reported as number with (%) or mean with standard deviation (SD), as
appropriate

AB40 AB42 t-Tau
Concert tation
pg/mL) ? 0
A | |
] )
[} ) ) ‘
Plasma 9 ] |
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at BUMC with 53.2% reporting not Hispanic/Latino in
ethnicity.

All six biomarkers (AB40, AP42, ptaul8l, t-Tau, GFAP
and NfL) were detectable and quantified in samples of
plasma, vitreous, and aqueous (Supplementary Table 1).
All biomarkers with the exception of GFAP and NfL were
detected in tear fluid samples (due to low sample volume)
(Supplementary Table 1). Measured concentrations of
all six biomarkers were higher in vitreous humor than
plasma samples, with amyloid levels approximately two-
fold higher in vitreous than in plasma, and larger differ-
ences for tau, GFAP and NfL. Measured levels of t-Tau,
ptaul8l, GFAP and NfL were higher in aqueous than
in plasma, and t-Tau and ptaul81 concentrations were
higher in tear fluid than in plasma (Fig. 1).

Spearman’s rank correlations coefficients analysis
revealed significant correlations between AB40 levels
in plasma and tears (r=0.5; p=0.019) and between
t-Tau levels in plasma and vitreous (r=0.4; p =0.004)
(Table 3). Significant correlations were also detected
for NfL levels between plasma and vitreous (r=0.3;

ptaul8l GFAP NfL

Vitreous

Aqueous

Tears 4 /

o

PN

e

Fig. 1 Violin box plots for the distribution ofthe relative concentrations (pg/mL) of each biomarker among the different biofluids. Bottom and top
lines of the boxes correspond to first and third quartiles respectively, and the middle lines refers to the mean value. The density plots represent

an estimation that shows the distribution shape of the data and its bottom and top points correspond to the zero and fourth quartiles respectively.
AR: amyloid beta; t-Tau: total tau; ptau181: hyperphosphorylated tau 181; GFAP: Glial fibrillary acidic protein; NfL: neurofilament light chain
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»=0.006) and plasma and aqueous (r=0.5; p=0.004)
(Table 3). No significant associations were found for
AP42, ptaul8l and GFAP levels among any of the
ocular biosamples in relation to the plasma (Table 3).
Further analysis comparing biomarker levels in ocular
fluids revealed statistically significant associations for
t-Tau (r=0.5; p=0.001), GFAP (r=0.6; p<0.001) and
NfL (r=0.7; p<0.001) levels in vitreous and aqueous
(Table 4).

Bland-Altman analysis was used to assess agreement
between pairwise differences in participants’ plasma
biomarker and vitreous humor, aqueous humor, and
tear fluid respectively (Table 5). Low bias, mean-
ing biomarker closer to plasma biomarker and small
95% limits of agreement (95% LOA), indicates bet-
ter precision. Overall, we saw better agreement (low
bias or low mean difference in pairwise levels of bio-
marker) between aqueous humor and plasma across
all biomarkers. Tear fluid showed the largest differ-
ences from plasma for AP40, t-Tau, and ptaul8l and
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vitreous humor showed the largest differences for
AB42 (Table 5).

Discussion

In this study, we detected and quantified AB40, AP42,
t-Tau, ptaul81, GFAP, and NfL in the vitreous humor,
aqueous humor, and plasma. Additionally, we detected
all biomarkers that could be tested in tear fluid (Ap40,
AP42, t-Tau, and ptaul81) except for GFAP and NfL, due
to low sample volume. Aqueous humor showed the best
agreement with plasma levels across all biomarkers. As
far as we are aware, this study is the first to measure and
correlate concentrations of neurodegenerative protein
biomarkers from three different ocular fluid sources and
associate their levels with the blood in a single cohort of
participants.

Based on the close embryological and functional rela-
tionship of the eye and brain, recent research has focused
on the correlation of ocular biomarkers and neurodegen-
erative diseases. Ocular imaging studies using high reso-
lution non-contact optical coherence tomography (OCT)

Table 3 Correlation analysis of the biomarkers'relative concentrations between eye fluids and plasma

AB40 AB42 t-Tau ptau181 GFAP NfL
Comparison R-value P-value R-value P-value R-value P-value R-value P-value R-value P-value R-value P-value
Vitreous—Plasma 0.10 042 0.14 0.27 0.36 0.004* 0.17 0.18 0.06 0.6 033 0.006*
Aqueous—Plasma 0.26 0.12 0.26 0.12 -0.09 0.60 0.17 027 0.24 0.17 049 0.004*
Tears—Plasma 0.50 0.02* 034 013 0.08 0.74 0.1 0.49 NA NA NA NA

Spearman’s rank correlations coefficients rho (R) and P values for eye fluids against plasma.*'indicates statistical significance with P value lower or equal to 0.05. Ap:
amyloid beta; t-Tau: total tau; ptau181: hyperphosphorylated tau 181; GFAP: Glial fibrillary acidic protein; NfL: neurofilament light chain

Table 4 Correlation analysis of the biomarkers'relative concentrations across inter-eye chamber fluids

AB40 AB42 t-Tau ptau181 GFAP NfL
Comparison R-value P-value R-value P-value R-value P-value R-value P-value R-value P-value R-value P-value
Vitreous—Aqueous 0.1 049 0.10 0.52 047 0.001% 0.28 0.05 0.60 <0.001* 0.68 <0.001*
Vitreous—Tears -0.19 034 -0.16 0.45 0.16 043 -0.19 0.17 NA NA NA NA
Tears—Aqueous 0.31 037 0.16 0.64 023 0.49 0.02 091 NA NA NA NA

Spearman’s rank correlations coefficients rho (R) and P values for inter-eye chamber fluids. *' indicates statistical significance with P value lower or equal to 0.05. A
amyloid beta, t-Tau total tau, ptau181 hyperphosphorylated tau 181, GFAP Glial fibrillary acidic protein, NfL neurofilament light chain

Table 5 Agreement analysis of the biomarkers'relative concentrations between eye fluids and plasma

AB40 AB42 t-Tau ptau181 GFAP NfL
Comparison Bias 95% LOA Bias 95%LOA Bias 95%LOA Bias 95%LOA Bias 95% LOA Bias 95% LOA
Aqueous—Plasma 2292 5047 85 180 -142 1420 -7.2 474 -1796.4 13,296.8 -16.5 762.0
Vitreous—Plasma  -2586 1079.7 -186 636 -333 3197 -11.7 420 -17,863.1 87,9894 -364.9 35177
Tears—Plasma 311.0 11.2 12219 -89.9 3839 -31.2 2007 NA NA NA NA

Bland-Altman agreement analysis, showing bias (mean difference) and 95% limits of agreement (LOA) between pairwise differences in levels of eye-fluid biomarker
and magnitude of plasma biomarker. AB amyloid beta, t-Tau total tau, ptau181 hyperphosphorylated tau 181, GFAP Glial fibrillary acidic protein, NfL neurofilament
light chain
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devices have identified structural changes including thin-
ning of the retinal nerve fiber layer (RNFL), reduced reti-
nal volume, and thinning of the choroidal layer [9, 22-32]
in association with AD. Additionally, studies using opti-
cal coherence tomography angiography (OCTA) have
demonstrated measurable alterations in the retinal vas-
cular plexuses including enlargement of the foveal avas-
cular zone [33-37] in patients with preclinical AD. While
imaging-based eye biomarkers are promising, their clini-
cal utility may be limited by the presence of common
comorbidities such as diabetes, hypertension, and glau-
coma, which can contribute to retinal vascular and ana-
tomical alterations [10, 38—40].

In addition to retinal imaging studies, research has
focused on the detection of AD-associated proteins in
the aqueous and vitreous humor [41-44]. We have previ-
ously reported decreased vitreous levels of AB40, AP42,
and tTau in patients with lower mini-mental state exami-
nation (MMSE) scores [45]. Goldstein et al. identified
AP1-40 concentrations in aqueous humor comparable
to CSF levels in AD patients [46]. Janciauskiene et al.
detected increased levels of amyloid and neuroinflam-
matory cytokines in aqueous humor of patients with age-
related eye diseases who underwent cataract surgery [13].
Bai et al. measured NfL, AB40, AB42, GFAP, and ptaul81
in aqueous samples and found that NfL was negatively
correlated with lower MMSE scores and lower vessel
density on the superficial capillary plexus on OCTA [11].
Disease biomarkers can also be found in ocular tissues,
as AP deposits have been reported in the lens and retina
in both animal models [47-51] and human studies [46,
52-55].

While in-office needle aspiration of both aqueous and
vitreous fluid is possible, tear fluid offers the advantage of
non-invasive collection [56]. Previous studies have dem-
onstrated increased levels of tear fluid amyloid, tau, miR-
NAs, translation initiation factors and lipoproteins in AD
patients compared to controls [15-18]. While Schirmer
strip tear fluid sampling in our study may have been lim-
ited by evaporation, other methods such as capillary tube
collection may offer better yields by limiting the time tear
fluid is exposed to air [57]. Certainly, the accessibility
and cost effectiveness of tear fluid collection make it an
attractive avenue for future biomarker research.

Our study has limitations in that all participants
included had retinal disease requiring treatment with
vitrectomy surgery. Given that patients with eye disease
represent an at-risk population for AD, it will be impor-
tant for future studies looking at ocular fluid biomarker
as potential diagnostic tools to assess their correlation
with ophthalmic conditions. Although some correlations
between the ocular fluids and plasma showed statisti-
cal significance, some correlation strengths were weak.
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Nevertheless, the effect sizes that we observe in this study
are clinically significant and similar to what we observe
in similar cognitive studies [58, 59]. It is also important
to recognize that no subject in our study had a formal
dementia diagnosis, so this study does not allow us to
speculate on any correlation between ocular fluid bio-
marker levels and clinical diagnosis of dementia. Future
studies should examine associations between ocular fluid
biomarkers and cognitive impairment.

Additionally, our study was limited by difficulty with
tear fluid collection. Due to small tear volumes, we were
not able to measure GFAP and NfL levels, and while the
relative concentrations of t-Tau and ptaul81 were higher
in tears than in any other compartment, it is possible that
tear evaporation may have altered protein concentration
resulting in false measurements. Finally, our sample size
of 79 eyes is limited, and a larger sample may have pro-
vided more significant associations.

Conclusion

In summary, levels of the AD biomarkers AP40, Ap42,
t-Tau, ptaul81, GFAP, and NfL were detectable in greater
concentrations in eye fluids than in plasma. Ap40, t-Tau,
and NfL showed significant correlations with plasma lev-
els, and levels in the aqueous humor showed the great-
est agreement with plasma levels across all biomarkers.
Future studies on ocular fluid biomarkers should focus
on the role of eye diseases and include participants with
cognitive impairment and dementia in order to assess
their potential utility as diagnostic and prognostic mark-
ers for AD.
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