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Both retinal atrophy measured through optical coherence tomography and
plasma neurofilament light chain (NfL) levels are markers of neurodegenera-
tion, but their relationship is unknown. Therefore, we assessed their determi-
nants and association in 4369 participants of a population-based study. Both
plasma NfL levels and inner retinal atrophy increased exponentially with age. In
the presence of risk factors for neurodegeneration (including age, smoking, and

a history of neurological disorders), plasma NfL levels were associated with
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Introduction

Both plasma neurofilament light chain (NfL) levels and
retinal layers’ measures assessed through optical coher-
ence tomography (OCT) have emerged as sensitive
markers of neurodegeneration.”” NfL is a blood-based
biomarker, released in the circulation upon neuroaxonal
damage, whereas the retina is an extension of the brain
susceptible to similar injuries. Both markers change with
advancing age, likely reflecting age-related neuronal
loss,>® and are considered sensitive but unspecific mark-
ers in several neurological diseases.’” In the general
population, baseline blood NfL levels were recently
shown to predict future cognitive decline and brain
atrophy.” Measures of inner retinal layers, the main
location of retinal neurons, including the ganglion cell
layer (GCL) and inner plexiform layer (IPL), are associ-
ated with brain volume.”® Although a recent study
investigated the association between plasma NfL levels
and retinal measures in a cohort of multiple sclerosis
patients,” normative population-based data regarding
this relationship are still lacking. Therefore, using a

inner retinal atrophy and outer retinal thickening. Our findings indicate that
inner retinal atrophy can reflect neuroaxonal damage as mirrored by rising
plasma NfL levels.

population-based design, we aimed to: First, compare
the determinants of plasma NfL levels and volume of
GCL, the retinal layer most closely reflecting brain vol-
ume®; and second, examine the association between dif-
ferent retinal layers’ measures and NfL levels, and assess
whether their relation is modified by risk factors for
neurodegeneration.

Methods

Study population

We analyzed baseline data from the first 5000 participants
of the Rhineland Study, a population-based cohort study
in Bonn, Germany.* Only the right eye was included per
participant. We excluded participants with missing or
low-quality NfL (N = 397) and/or right eye OCT data
(N = 200). Furthermore, we excluded values larger than 3
standard deviations from both the mean of log-
transformed NfL levels (N = 27) and retinal volume
(N = 28), leaving a sample of 4369 subjects for data
analysis.
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Refraction and retinal layers

We assessed retinal layers using Spectralis spectral
domain-OCT (Heidelberg Engineering, Heidelberg, Ger-
many). Our workflow and OCT segmentation algorithm
have been detailed before.* In brief, volumes of six macu-
lar layers, total retinal volume, and peripapillary retinal
nerve fiber layer (pRNFL) thickness were computed using
the inbuilt segmentation algorithm of the Heidelberg Eye
Explorer (HEYEX).

Neurofilament light chain

Blood samples were collected in Vacutainer EDTA tubes
and centrifuged at 2000 g for 10 minutes at room
temperature and plasma samples were aliquoted and
stored at —80 °C. NfL levels were assessed using the
Simoa® NF-light Kit (103186) in a HD-1 Analyzer
(Quanterix, Billerica, USA), following manufacturer’s
instructions. '

Other covariates

Blood volume was calculated with Nadler's formula.!'
Glomerular filtration rate (GFR) was estimated based on
the CKD-EPI formula.'

Statistical analysis

Data are summarized as mean =+ standard deviation
(SD) or counts with proportions, for continuous and
categorical variables, respectively. We adjusted NfL levels
for batch and lot using a generalized mixed-effects model
and used the log-transformed residuals in subsequent
analyses. First, we assessed the effects of age, age-
squared, sex, GFR, smoking status, blood volume, sys-
tolic blood pressure (SBP), history of ocular diseases and
neurological disorders on both GCL volume and plasma
NfL levels. Then, we investigated the relationship
between retinal measures (independent variables), and
plasma NfL levels (outcome) using three different mod-
els: Model 1 was based on univariate regression esti-
mates, Model 2 was adjusted for GFR, blood volume,
spherical equivalent, ocular diseases and sex, Model 3
was additionally adjusted for age and age-squared. Lastly,
we assessed effect modification through the inclusion of
an interaction term in the fully adjusted models. All sta-
tistical analyses were performed in R (base version
1.4.1106) and p-values <0.05 were considered statistically
significant after false discovery rate adjustment for multi-
ple comparisons."’
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Results

Demographics

The mean (SD) age of the study population was
55.1 years (£13.8, range: 30.2-94.1) and 2450 partici-
pants (56%) were female. The mean (SD) GFR, SBP,
and blood volume were 90.8 (18.7), 126.1 (15.9) and
4.7 (0.9), respectively; 531 (12.1%) participants were
current smokers. The mean retinal volume was
8.6 mm’ (0.4) and the median NfL value was 7.65 pg/
ml (interquartile range: 5.6-11.0). Participants with
missing data were significantly older, showed thinner
retinas and higher NfL levels. A history of ocular disor-
ders was reported in 99 participants (glaucoma
(N =091) and diabetic retinopathy (N = 8)). Intermedi-
ate age-related macular degeneration (iIAMD) graded on
fundoscopy was observed in 135 individuals, while no
individuals with late AMD were included in the study
population. Neurological disorders were reported by
113 participants (stroke (N = 67), dementia (N = 5),
(N = 23), disease

multiple sclerosis and Parkinson’s

(N = 18)).

Determinants of plasma NfL and retinal
volume

We found that advancing age was the strongest determi-
nant of both measures (1 SD increase in age was associ-
ated with 0.57 SD increase in plasma NfL levels (95%
CI = [0.54-0.60], p-value = <0.0001) and 0.36 SD
decrease in GCL volume (95% CI = [—0.40 to —0.32], p-
value = <0.0001) (Figure 1). Plasma NfL increased by
3.0%/year and levels in the eldest group were 3.8 times
higher compared to those in the youngest group (Fig-
ure 1A), while mean GCL volume decreased by 0.30%
per year and showed a decline of 13.9% from the young-
est to the eldest decade (Figure 1B). The highest relative
change per decade for both biomarkers occurred in the
seventh decade: Plasma NfL increased by 35.2% and GCL
volume decreased by 3.74%. A history of neurological dis-
orders was significantly associated with both biomarkers
(Figure 1C). GFR and blood volume were important
determinants of NfL (std. effect size [95% CI] for
GFR = —0.216 [-0.244 to —0.189], for blood vol-
ume = —0.283 [—0.315 to —0.252]), while SBP had a
quadratic relationship with plasma NfL but a linear one
with GCL volume. No effect of smoking was noted. His-
tory of ocular diseases and refraction with a lower spheri-
associated with thinner GCL

cal equivalent were

(Figure 1C).
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Figure 1. Differential age-effects and determinants of plasma NfL levels and GCL volume. Advancing age was associated with an exponential
increase in plasma NfL levels (A), and an exponential decrease in GCL volume (B). Standardized estimates derived from a multivariable regression
model, assessing the independent effect of each specified determinant, showed both similarities and differences between determinants of plasma
NfL levels and GCL (C). Abbreviations: GFR, glomerular filtration rate; SBP, systolic blood pressure; BMI, body-mass index; GCL, ganglion cell layer
volume; NfL, neurofilament light chain. * g < 0.05, ** g < 0.001, *** gq < 0.0001.

The relation between plasma NfL and
retinal measures

All inner neuronal retinal layers (including GCL and IPL)
and total retinal volume were negatively associated with
plasma NfL levels in the univariate and partially adjusted
models; however, the direction of these associations
reversed after adjustment for age (Table 1). In contrast,
retinal pigmented epithelium volume (RPE) remained
positively associated with NfL levels even after age adjust-
ment (Table 1).

Modifiers of the relation between plasma
NfL levels and retinal volume

Effect modification was assessed for those retinal mea-
sures with the highest neuronal density (i.e., GCL and
IPL) plus RPE, for which also a robust association with
plasma NfL levels was observed (Table 1). The association
between GCL and plasma NfL was strongest in the oldest
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age tertile (Figure 2A), but an interaction between GCL
and age was not significant in the fully adjusted model.
In active smokers and in participants with a history of
neurological disorders, GCL thinning was associated with
higher NfL levels (Table 1, Figure 2B,C). Results
remained similar when utilizing IPL volume (Table 1).

The exclusion of individuals with intermediate age-
related macular degeneration (1IAMD) did not change the
statistical significance of any of our findings (data not
shown).

Discussion

We present the first large-scale population-based study
assessing the comparative determinants and association of
plasma NfL levels with OCT-based retinal measures. Age,
a history of neurological disorders and smoking largely
accounted for the relationship between OCT-based retinal
layer measures and plasma NfL levels. This indicates that
brain atrophy could underlie their association. Indeed,
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Figure 2. Modifiers of the relation between retinal measures and plasma NfL levels. The unadjusted association between GCL and plasma NfL
largely depended on age (A). After accounting for all potential confounders, the relation between GCL volume and NfL levels was strongly
dependent on the presence of (risk factors for) neurodegeneration, including smoking (B) and a history of neurological disorders (C).

Abbreviations: SBP, systolic blood pressure; GCL, ganglion cell layer volume; NfL, neurofilament light chain.

previous imaging studies found that age-related brain
atrophy starts in early adulthood, proceeds gradually
throughout life and accelerates in old age. In line with
these findings, we observed a similar age trend in both
plasma NfL levels and GCL volume."*

Furthermore, we observed a non-linear, U-shaped,
association between SBP and NfL levels, suggesting that
both hypo- and hypertension may lead to neuronal
injury,"” as well as a linear association between SBP and
GCL. Hypertension is an established risk factor for small-
vessel disease and brain atrophy,'® further supporting the
idea of brain atrophy underlying the association between
plasma NfL and retinal neurodegeneration.

The RPE showed a positive association with NfL levels
independent of age. This epithelial layer is a component
of the blood-retinal barrier (BRB) and undergoes thick-
ening, rather than thinning, during aging.'” Given the
structural and functional similarities between the BRB
and the blood-brain barrier (BBB),'® this finding might
be explained by RPE volume reflecting BBB integrity
rather than brain size.

The effects of GFR and blood volume on plasma NfL,
reflecting its clearance and dilution rates, respectively,
were also reported in two separate previous studies.'®*’
Our findings extend these findings by showing that their
effects are mutually independent, which should be consid-
ered in future studies utilizing plasma NfL levels.

Correcting for age reversed the direction of associa-
tion between GCL volume and NfL levels. To under-
stand this phenomenon, one should distinguish between
brain atrophy (brain volume change observed between

two measurements) and brain size (cross-sectional brain
volume). We observed that in individuals with risk fac-
tors for brain atrophy, retinal neurodegeneration reflects
rising plasma NfL levels. However, in individuals with
the same rate of neuronal loss, once these risk factors
are accounted for, a larger absolute brain size might lead
to higher baseline NfL levels due to a larger amount of
neuronal tissue available. Hence, both increasing brain
atrophy and brain size may lead to higher NfL levels.
Given that age is by far the strongest risk factor for
neurodegeneration in the general population, adjusting
for it largely removes the effect of brain atrophy, and
amounts to comparing the association between NfL
levels and GCL volume as a proxy for brain size.>”®
Supporting this notion are findings from a previous
study showing a trend for a positive association between
plasma NfL levels and brain volume in 99 individuals,
although these findings need further confirmation in a
larger population-based cohort.’?

The strengths of our study include a large population-
based sample, inclusion of measures of all retinal layers,
and assessment and consideration of all known relevant
confounders in our statistical analyses. Limitations
include self-reported history of medical conditions and
lack of longitudinal data.

In conclusion, in the presence of risk factors for neu-
ronal injury, plasma NfL levels are associated with inner
retinal neurodegeneration and outer retinal thickening.
Our study supports the integration of OCT-based retinal
measures as both clinical and research tools for tracking
central neurodegeneration.
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