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Significance.—The macular ganglion cell-inner plexiform layer (nGCIPL) may serve as a
quick and easily obtained measure of generalized neurodegeneration. Investigating factors
associated with this thickness could help to understand neurodegenerative processes.

Purpose.—Characterize and identify associated factors of the mGCIPL thickness in the Beaver
Dam Offspring Study, a middle-aged U.S. adult cohort.

Methods.—Baseline examinations occurred from 2005 to 2008, with follow-up examinations
every five years. Included participants had baseline data and measured mGCIPL at 10-year follow-
up (N=1848). The mGCIPL was measured using the Cirrus 5000 HD-OCT Macular Cube Scan.
Associations between mean mGCIPL thickness and thin mGCIPL, defined as 1 standard deviation
(SD) below the population mean, and baseline risk factors were investigated using generalized
estimating equations.

Results.—Participants (mean baseline age: 48.9 years (SD=9.3); 54.4% women) had a mean
mGCIPL thickness of 78.4 um (SD=8.1) in the right eye and 78.1 pm in the left (SD=8.5),
correlation coefficient=0.76. In multivariable models, age (=1.07 pm per 5 years; 95% Cl: -1.28 to
-0.86), high alcohol consumption (=1.44 pm; 95% Cl=-2.72, —0.16), higher interleukin-6 levels
(50% increase in level: —0.23 um; 95% CI: —0.45 to 0.00), myopia (-2.55 pm; 95% CI: -3.17 to
-1.94), and glaucoma (-1.74 pm, 95% CI: —2.77 to —0.70) were associated with thinner mGCIPL.
Age (per 5 years: Odds Ratio (OR)=1.38, 95% CI: 1.24-1.53), diabetes (OR=1.89, 95%
Cl:1.09-3.27), myopia (OR=2.11, 95% CI: 1.63-2.73), and increasing and long-term high C-
reactive protein (OR=1.46, 95% CI: 1.01-2.11; OR=1.74, 95% Cl=1.14-2.65, respectively) were
associated with increased odds of thin mGCIPL.

Conclusions.—Factors associated cross-sectionally with mGCIPL thickness, older age, high
alcohol consumption, inflammation, diabetes, myopia, and glaucoma, may be important to neural
retina structure and health and neuronal health system wide.

Advances in ocular imaging, specifically high-resolution spectral domain optical coherence
tomography, have led to a quick non-invasive method for measuring retinal layers including
the macular ganglion cell-inner plexiform layer. The automated segmentation of the macular
ganglion cell-inner plexiform layer may be useful as a novel, non-invasive, and quick
measure of generalized neuronal health.

The macular ganglion cell-inner plexiform layer consists of retinal ganglion cell bodies and
dendrites, the main anatomical substrates of the neural retina.1-2 The macular ganglion cell-
inner plexiform layer has been important in studies of ocular diseases like glaucoma and in
studies of neurodegenerative diseases, including multiple sclerosis, Alzheimer’s disease, and
Parkinson’s disease.3-8 However, macular ganglion cell-inner plexiform layer
characterization and factors associated with macular ganglion cell-inner plexiform layer
thickness in healthy middle-aged adults has not been widely documented. In three
population-based cohort studies, older age, female sex, higher body mass index, high alcohol
consumption, lower education, myopia, and higher estimated glomerular filtration rate were
associated with thinner macular ganglion cell-inner plexiform layer, ganglion cell complex,
or the ganglion cell layer and inner plexiform layers separately.911 In a study of
neurodegeneration and diabetes, macular ganglion cell-inner plexiform layer was thinner in
people with diabetes than in controls.1?

Optom Vis Sci. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Paulsen et al.

Page 3

Inflammation, diabetes, and cardiovascular disease have been shown to be associated with
neurodegeneration.23-19 The relationships of these factors to macular ganglion cell-inner
plexiform layer thickness in the general population are relatively unknown. A recent report
from the Rhineland Study found an association between stroke history and thinner ganglion
cell layer, inner plexiform layer, and peripapillary retinal nerve fiber layer separately.1? In a
study of people with diabetes, hypertension was correlated with thinner macular ganglion
cell-inner plexiform layer.20 Another study found associations between ganglion cell
complex thickness and blood pressure, glucose, and insulin levels.® Other factors related to
neurodegeneration which may be related to macular ganglion cell-inner plexiform layer
thickness include behavioral factors like smoking, alcohol consumption, and exercise, as
well as adiposity, vitamin and cholesterol levels, and neurotoxin exposure.11:21-26

The present study aims to characterize the macular ganglion cell-inner plexiform layer
thickness in a cohort of middle-aged U.S. adults, and investigate factors associated with this
thickness, including factors associated with other neurodegenerative measures.
Understanding factors related to preclinical neurodegeneration in middle-aged community-
living adults could aid in prevention of future declines in neuronal health.

METHODS
Study Population

The Beaver Dam Offspring Study is a study of aging in the adult offspring (aged 21-84
years) of the population-based Epidemiology of Hearing Loss Study participants.
Recruitment details of the Beaver Dam Offspring Study have been reported.2 Briefly,
baseline examinations took place in 2005-2008 with follow-up examinations occurring every
five years. The macular ganglion cell-inner plexiform layer was first measured in
2015-2017, which had 1964 participants take part in examinations. The presented research
conforms to the tenants of the Declaration of Helsinki and study approval was granted by the
University of Wisconsin Health Sciences Institutional Review Board. All participants
provided informed written consent prior to each examination.

Optical Coherence Tomography Measurement (10-year Follow-up)

An optical coherence tomography macular cube 512X128 scan, centered on the fovea, was
conducted using the Cirrus 5000 HD-OCT (Carl Zeiss Meditec, Inc). This scan generates
retinal thickness data from a 6 mm square acquired from 128 horizonal line scans and 512
A-scans.28 Technicians were trained and certified in standard protocols with quarterly
review of a 10% random selection of scans. Participants were dark adapted prior to
conducting scans on each eye. Technicians reviewed scans immediately for low signal
strength (<6/10) and artefacts, including saccades and banding. Scans of insufficient quality
were retaken and those with remaining quality issues were excluded. The macular ganglion
cell-inner plexiform layer was measured using instrument specific automatic segmentation
algorithms. Each eye’s average macular ganglion cell-inner plexiform layer thickness is
calculated using 6 sectors in an elliptical annulus around the fovea.l Right and left eye
averages were used for analyses. Thin macular ganglion cell-inner plexiform layer was
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defined as measured thickness 1 standard deviation or more below the population mean
(£70.3um).

Potential Risk Factors (Baseline)

As the largest number of risk factors were available at baseline, factors collected 10 years
prior to the macular ganglion cell-inner plexiform layer thickness measurement were
evaluated to maintain a consistent timeframe. Blood pressure, height, weight, and waist
circumference were measured following standard protocols. Hypertension was defined as a
measured systolic blood pressure =140 mmHG, a diastolic blood pressure 290 mmHG, or a
physician hypertension diagnosis with current blood pressure medication use. Body mass
index (weight (kg) divided by height squared (m?2)) was calculated and classified as normal
(<25), overweight (25-29), or obese (=30).

Refractive error was measured using an autorefractor (WR-5001K; Grand-Seiko).
Participants were classified based on measured spherical equivalent as having myopia (<
-1.00D), hyperopia (=1.00D) or emmetropia (>—1.00D and <1.00D). Intra-ocular pressure
was measured using a Goldman applanation Tonometer (Haag-Streit, Inc.). Retinal fundus
photographs were taken (Dgi-45NM: Canon) and graded for retinal diseases, including age-
related macular degeneration, diabetic retinopathy, and a large cup-disc ratio (=0.7), by the
University of Wisconsin Ocular Epidemiology Reading Center using the Wisconsin Age-
Related Maculopathy Grading System.29-30 Lens images were taken using a slit-lamp
microscope (DG-1; Topcon Medical Systems) and a retroillumination cataract screener
(Neitz CT-S; Neitz Instruments Co Ltd). Lens images were graded for nuclear, cortical, or
posterior sub-capsular cataract presence.3! Image grading results and self-reported physician
diagnoses were used to determine age-related macular degeneration, diabetic retinopathy,
and cataract. Participants considered to have glaucoma had a large cup-disc ratio, physician
diagnosis, or a measured intra-ocular pressure>21 mmHg. Eye imaging, grading, and intra-
ocular pressure measurement were repeated at the 5-year follow-up examination. Sensitivity
analyses were conducted among those free of these ocular conditions at baseline and follow-

up.

Mean intima-media thickness (mean of up to 12 wall thicknesses in the carotid arteries) and
plaque site count (0-6 sites: common carotid, carotid bulb, internal carotid, right and left
sides) were measured using carotid artery ultrasounds.32

Inflammatory and cell adhesion marker levels were measured at the Advanced Research and
Diagnostic Laboratory (University of Minnesota) in serum samples obtained at baseline and
at the 5-year follow-up. High-sensitivity C-reactive protein was measured with a latex-
particle enhanced immunoturbidimetric assay kit (Roche Diagnostics, Indianapolis, IN)
(coefficient of variation=2.6-4.3%). Interleukin-6, tumor necrosis factor-a, soluble
intercellular adhesion molecule-1 and soluble vascular adhesion molecule-1 were measured
using quantitative sandwich enzyme technique kits (R&D Systems, Minneapolis, MN)
(interassay coefficient of variation=4.9-6.5%, 20.6% at a 2.26 pg/mL mean concentration for
an in-house pooled serum control, 7.8%, and 6.1%, respectively).33 Long-term high
biomarker level was defined as being in the highest tertile at both baseline and 5-year
follow-up, increasing biomarker level was defined as increasing by 1 or more tertiles, and
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the referent group either remained stable below the highest tertile or decreased by 1 or more
tertiles.

Glycated Hemoglobin (hemoglobin Alc), serum total cholesterol and high-density
lipoprotein cholesterol levels were measured at the Advanced Research and Diagnostic
Laboratory (University of Minnesota) in non-fasting baseline samples. Hemoglobin Alc (%)
was measured using high performance liquid chromatography (coefficient of
variation=1.4-1.9%). Diabetes was defined by an A1c=6.5% or a doctor diagnosis of
diabetes. Total and high-density lipoprotein cholesterol were measured on a Roche/Hitachi
911 (Roche Diagnostics, Indianapolis, IN) (coefficient of variation=1.6% and 2.9%,
respectively).2” Non-high-density lipoprotein cholesterol was calculated using these values.
A complete blood count, including white blood cell count was done using an automated
hematology analyzer: Cell-Dyn 3200 (Abbott, Abbott Park, IL).27 Vitamin B12 was
measured in baseline serum samples using a Vitamin B12 reagent/competitive immunoassay
method (Roche Diagnostics, Indianapolis, IN) (coefficient of variation=4.5% - 6.3%).
Vitamins D2, D3, and D3-epimer were measured at the Molecular Epidemiology and
Biomarker Laboratory (University of Minnesota) in stored baseline serum samples by liquid
chromatography and tandem mass spectrometry to quantitate 25-OH Vitamin D2, 25-OH
Vitamin D3 and the 25-OH Vitamin D3 epimer (coefficient of variation=3.9-4.8%).34 Total
vitamin D was calculated using these values. Cadmium and lead levels were measured by
the Wisconsin State Laboratory of Hygiene (University of Wisconsin) in baseline whole
blood samples using inductively coupled plasma mass spectrometry (lower limit of
detection: 0.21 ug/L and 0.20 ug/dL, respectively).3>

Education (<16 versus =16 years), current smoking, alcohol consumption in the previous
year (grams of ethanol per week), exercise (at least once per week long enough to work up a
sweat), history of head injury (ever), an extensive medical history including cardiovascular
disease, and statin use were assessed by interview.

Statistical Analyses

Analyses were completed with the SAS System version 9.4 (SAS Institute, Inc., Gary, NC).
Population mean macular ganglion cell-inner plexiform layer thickness was calculated
overall and stratified by age and sex. Age- and sex- adjusted generalized estimating equation
linear regression models were used to test baseline factors associations with macular
ganglion cell-inner plexiform layer thickness. The generalized estimating equation approach
uses information from both eyes in a single model adjusting for the correlation between
eyes. Estimates are reported as difference in macular ganglion cell-inner plexiform layer
thickness by factor with 95% confidence intervals (Cl). Factors suggestive of association
(P<0.20) were considered for multivariable modeling. Statistical significance was defined by
a p-value<0.05 or a 95%CI not containing 1.00 for odds ratios. A final reduced multivariable
model was constructed using a manual backwards elimination approach. Age and sex were
retained in the models regardless of association. Additional generalized estimating equation
analyses were conducted with the thin macular ganglion cell-inner plexiform layer binary
outcome. Estimates are reported as odds ratios with 95% CI for the odds of thin macular
ganglion cell-inner plexiform layer in either eye. A final reduced multivariable model was
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constructed following the same method described for the continuous outcome. Sensitivity
analyses were conducted for final models removing anyone with age-related macular
degeneration, diabetic retinopathy, glaucoma, or cataract at baseline or 5-year follow-up to
ensure ocular morbidities were not affecting results. An additional analysis was conducted
using available risk factor data collected concurrent to the macular ganglion cell-inner
plexiform layer measurement to investigate whether changes in status of these variables
affected results, for example if a participant reported doctor diagnosed diabetes at the 10-
year follow-up examination, but did not have such a diagnosis at baseline. Although all
investigated factors were measured prior to assessment of mGCIPL, the results of the
present study are cross-sectional. As such all reported estimates are associative in nature and
no causal inferences can be inferred in the present study.

RESULTS

Of the 1964 participants examined at the 10-year follow-up, 74 were excluded due to
missing OCT data and 42 were excluded due to not having a baseline examination. Of the
remaining 1848 participants, 1820 had both eyes scanned, 16 had right eye scans only, and
12 left only. Scans with low signal strength, poor alignment, or artefacts were excluded from
analysis (N=28 right eyes, N=29 left eyes) resulting in 10 participants without optical
coherence tomography data for either eye. The final analytic set had 1838 participants (1808
right eyes and 1803 left eyes). Participants included in these analyses had a mean baseline
age of 48.9 years (standard deviation=9.3) and 986 (54.4%) were women. Average age at
macular ganglion cell-inner plexiform layer measurement was 58.5 years (standard
deviation=9.3). The mean macular ganglion cell-inner plexiform layer thickness was 78.4
pum (standard deviation=8.1) in the right eye and 78.1 pm (standard deviation=8.5) in the
left. Measurements were strongly correlated between the two eyes (correlation
coefficient=0.76).

Continuous Macular Ganglion Cell-inner Plexiform Layer Thickness

The mean macular ganglion cell-inner plexiform layer thickness decreased with age (sex-
adjusted estimate: p=—1.15 pm per 5 years, 95% CI: —1.34 to —0.95) but did not differ by
sex (age-adjusted estimate: p=0.03 um, 95% CI: —0.67 to 0.73) (Figure 1). Mean macular
ganglion cell-inner plexiform layer thickness by refractive status, alcohol consumption, and
interleukin-6 level is displayed in Figures 2-4. Graphical depiction of mean macular
ganglion cell-inner plexiform layer thickness by other potential risk factors is displayed in
the Appendix figures. In age- and sex-adjusted models, larger waist circumference, diabetes,
hypertension, myopia, glaucoma, higher baseline and long-term high high-sensitivity C-
reactive protein and soluble vascular adhesion molecule-1, higher baseline interleukin-6, and
not consuming any alcohol were associated with thinner macular ganglion cell-inner
plexiform layer, while exercising was associated with thicker macular ganglion cell-inner
plexiform layer (Table 1).

In the final multivariable model, older baseline age (B=-1.07 um per 5 years; 95% CI: —1.28
to —0.86), high alcohol consumption (>140 gm of ethanol/week versus 1-14 gm/week: =
-1.44 um; 95% CI: -2.72 to —-0.16), higher interleukin-6 (natural log interleukin-6: p=—0.56
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um; 95% ClI: —-1.11 to —-0.01), myopia (B=—-2.55 pm; 95% CI: —3.17 to —1.94), and glaucoma
(B=—1.74 pm, 95% CI: —2.77 to —0.70) were associated with thinner macular ganglion cell-
inner plexiform layer (Table 2). The association between macular ganglion cell-inner
plexiform layer thickness and diabetes (B=-2.10 pm; 95% CI: -4.25 to 0.05) and long-term
high soluble vascular adhesion molecule-1 (B=-0.85 um; 95% CI: -1.72 to 0.03) were of
borderline statistical significance in this model. As diabetes exacerbates inflammation, and
interleukin-6 levels were higher in participants with diabetes than in those without (natural
log interleukin-6 =1.06, natural log interleukin-6 =0.55, respectively; £<0.0001), an
additional model was run removing interleukin-6 to investigate possible collinearity. In this
model, the association between diabetes and macular ganglion cell-inner plexiform layer
thickness was statistically significant (—2.36 um; 95% CI: —4.49 to —0.23), while other
covariate estimates remained virtually unchanged.

In the sensitivity analysis removing those with ocular morbidities results were similar. (Table
2) Older age, high alcohol consumption, higher interleukin-6 levels, and myopia remained
significantly associated with thinner macular ganglion cell-inner plexiform layer. In this
model, participants who consumed 75-140 gm of ethanol per week also had thinner macular
ganglion cell-inner plexiform layer (-=1.63 pm; 95% CI: —2.92 to —0.34). Analyses using
covariates available at the 10-year follow-up examination had similar results though current
alcohol consumption was not associated with macular ganglion cell-inner plexiform layer
thickness.

Thin Macular Ganglion Cell-inner Plexiform Layer (<70.3 pm)

Of the 1838 participants, 321 (17.5%) had at least 1 eye with a thin macular ganglion cell-
inner plexiform layer, of which 189 (58.9%) had a thin macular ganglion cell-inner
plexiform layer in both eyes, 60 (18.7%) in the right eye only, and 72 (22.4%) in the left eye
only. Odds of thin macular ganglion cell-inner plexiform layer increased with age, 39% per
5 years (odds ratio=1.39, 95% CI: 1.29-1.49), but did not differ by sex (odds ratio=1.14,
95% CI: 0.89-1.45). In age- and sex-adjusted models, larger waist circumference, diabetes,
myopia, cataract, higher baseline and long-term high high-sensitivity C-reactive protein and
interleukin-6, and no alcohol consumption in the previous year were associated with
increased odds of thin macular ganglion cell-inner plexiform layer, while high baseline
blood lead level was associated decreased odds of thin macular ganglion cell-inner plexiform
layer (Table 1).

In the final multivariable model, older age (per 5 years: odds ratio=1.40, 95% CI: 1.26-1.56),
diabetes (odds ratio=1.83, 95% CI: 1.04-3.21), myopia (odds ratio=2.12, 95% CI:
1.64-2.75), and long-term high high-sensitivity C-reactive protein (odds ratio=1.74, 95% CI:
1.14-2.65) were associated with increased odds of thin macular ganglion cell-inner
plexiform layer (Table 2).

In a sensitivity analysis removing participants with ocular co-morbidities, results were
similar. The association between not consuming alcohol in the previous year and thin
macular ganglion cell-inner plexiform layer became significant (odds ratio=1.94, 95% CI:
1.17-3.22), while the association with diabetes was no longer significant though the point
estimate was virtually unchanged. Analyses using covariates available at the 10-year follow-
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up examination had similar results though current alcohol consumption was not associated
with increased odds of thin macular ganglion cell-inner plexiform layer.

DISCUSSION

Understanding the macular ganglion cell-inner plexiform layer distribution and factors
associated with macular ganglion cell-inner plexiform layer thickness in a relatively healthy
middle-aged adult cohort is important to its potential application as a quick non-invasive
assessment of preclinical neurodegeneration and aids in finding potential prevention
strategies for neurodegenerative disease. We reported this distribution in the Beaver Dam
Offspring Study. Previous studies have reported varying mean thickness of the macular
ganglion cell-inner plexiform layer. The thickness in the present study was similar, though
slightly lower than some recent studies, including the Singapore Epidemiology of Eye
Diseases Study (80.4 um), and studies in a Chinese (80.8 um) and a United States based
Vietnamese (82.5 um) population.36-38 The thickness in the present study was nearly
identical to an Indian population in the SEED study (78.0), to healthy controls in recent
studies of glaucoma (77.8 um) and diabetic retinopathy (78 um in right eye), and was
slightly higher than a recent UK Biobank Study (75.3 um), and a recent Rotterdam Study
investigation (70.4 um) though their population was older than the BOSS population.39-42
The observed differences in mean macular ganglion cell-inner plexiform layer thickness may
be due to a variety of factors including age of the cohort, racial or ethnic background of the
cohort, whether the cohort is clinic or population-based, and differences due to the
instrumentation used for measurement.*3 Careful consideration of these potential sources for
differences should be exercised when comparing means across populations.

In the present study, older age, consuming high alcohol levels, higher inflammation levels,
myopia, and glaucoma were independently associated with thinner macular ganglion cell-
inner plexiform layer on a continuous scale. We additionally characterized thin macular
ganglion cell-inner plexiform layer in this population. Older age, long-term high
inflammation, diabetes, and myopia were associated with increased odds of thin macular
ganglion cell-inner plexiform layer.

Consistent with previous studies, participants in older age groups had progressively thinner
macular ganglion cell-inner plexiform layer.%-1144 The effect of age in the BOSS
(approximately 0.21 um thinner per year of age) was slightly larger than some previous
studies, for example 0.14 um per year in the Twins UK Study and 0.15 pm per year in the
UK Biobank Study, but similar to that conducted in a Chinese population, 0.18 pm per year.
91137 The differences in the age effect by study could be due to a number of factors
including age distribution, racial and ethnic distribution, and instrumentation differences.
However, across studies, older age is associated with thinner macular ganglion cell-inner
plexiform layer. As neurodegeneration progresses during aging, seeing this reduction in a
neuronal layer in the eye is to be expected. A previous study reported that men had a thinner
macular ganglion cell-inner plexiform layer than women. 11 This difference was not
observed in the Beaver Dam Offspring Study cohort.
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A number of factors were associated with the macular ganglion cell-inner plexiform layer
thickness in age- and sex-adjusted models which did not make the final multivariable
models. These factors include those associated with thinner macular ganglion cell-inner
plexiform layer, waist circumference and hypertension, and those associated with thicker
macular ganglion-cell inner plexiform layer indicating a potential protective effect, exercise
and higher blood lead levels. While the observed minimally adjusted associations may
warrant further investigation, these factors did not qualify for the final multivariable model
indicating these may have been spurious associations impacted by confounding.

Higher inflammation at baseline, and long-term high inflammation were associated with
thinner macular ganglion cell-inner plexiform layer in the current study. A 50% increase in
interleukin-6 level was associated with 0.28 um thinner macular ganglion cell-inner
plexiform layer and having long-term increasing or high C-reactive protein was associated
with a 46% and 74% increase in odds of thin macular ganglion cell-inner plexiform layer
respectively, independent of other factors. This suggests acute and chronic inflammation
may impact the macular ganglion cell-inner plexiform layer structure. A previous study
proposed that inflammatory mechanisms do not have a role in the pathophysiologic
processes in the neural retina because they did not find an association with smoking.1! In
our study, smoking was not associated with macular ganglion cell-inner plexiform layer
thickness, though interleukin-6 and high-sensitivity C-reactive protein levels were,
indicating inflammation could influence neurodegeneration. The relationship between
inflammation and macular ganglion cell-inner plexiform layer thickness should be further
explored as it provides a potential point for prevention or intervention in neurodegenerative
outcomes.

Metabolic dysfunction, including diabetes, has wide reaching systemic effects. Previous
studies have shown associations between diabetes and structural changes to the nervous
system.16-17 The macular ganglion cell-inner plexiform layer was thinner in people with
diabetes than in healthy controls.12 In our study, diabetes was independently associated with
an 83% increase in odds of thin macular ganglion cell-inner plexiform layer, and a 2.10 pm
thinner macular ganglion cell-inner plexiform layer, though the latter finding was not
statistically significant. However, in additional modeling removing interleukin-6, diabetes
was significantly associated with thinner macular ganglion cell-inner plexiform layer (-2.36
um), suggesting collinearity between diabetes and systemic inflammation. Diabetes
increases inflammation and participants with diabetes in the current study had higher
interleukin-6 levels. Diabetes induced inflammation, as well as the metabolic dysregulation
of the disease might contribute to the neurodegenerative process.

In age- and sex-adjusted analyses, abstinence from alcohol was associated with thinner
macular ganglion cell-inner plexiform layer and higher odds of having a thin macular
ganglion cell-inner plexiform layer when compared to those who consumed a low amount
(0-14 gm/week). This could result from uncontrolled confounding as those who abstained
from alcohol consumption could have had other health conditions. This could explain why
this association was not present in the full multivariable model. Instead high alcohol
consumption was associated with thinner macular ganglion cell-inner plexiform layer. Those
who consumed >140 gm of ethanol per week had a macular ganglion cell-inner plexiform
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layer 1.44 um thinner than non-abstainers who consumed 0-14 grams of ethanol per week.
Excessive alcohol consumption affects cognition, leads to alterations in brain structure,
disrupts neurocircuitry, and reduces brain volumes.2245-46 |n previous studies, alcohol
consumption was associated with peripapillary retinal nerve fiber layer thickness and high
consumption was associated with macular ganglion cell-inner plexiform layer thickness.
11,2147 Qur findings of an association between baseline alcohol consumption and macular
ganglion cell-inner plexiform layer thickness support the hypothesis that alcohol’s negative
effects on neuronal health and structure may extend to the eye’s macular region, specifically
the macular ganglion cell-inner plexiform layer. This finding adds evidence that changes in
lifestyle, including reducing alcohol intake, could have a positive impact on long-term neural
outcomes. However, concurrent alcohol consumption was not associated with macular
ganglion cell-inner plexiform layer thickness in this study. This could imply that the
observed association with baseline alcohol consumption was spurious, or that past alcohol
consumption is more closely related to macular ganglion cell-inner plexiform layer thickness
than current consumption. Further study is needed to fully ascertain the relationship of
alcohol consumption and macular ganglion cell-inner plexiform layer thickness.

Consistent with previous studies, myopia was associated with thinner macular ganglion cell-
inner plexiform layer. It remains unknown if this is due to an actual difference in anatomy, as
longer axial length could lead to thinner macular ganglion cell-inner plexiform layer, or if
this is solely due to magnification effects.®11 As suggested by previous studies and indicated
by the current results, future studies should control for refractive status. In this study,
glaucoma was associated with thinner macular ganglion cell-inner plexiform layer. As
glaucoma is an optic neurodegenerative disease, this is an expected finding.2 Previous
studies have indicated the potential usefulness of optical coherence tomography in glaucoma
diagnosis and identifying early disease stages.**8

In the current study, cardiovascular disease history and mean intima-media thickness were
not associated with macular ganglion cell-inner plexiform layer thickness. A previous study
found an association between a stroke history and retinal layer thickness, while another
observed an association between hypertension and macular ganglion cell-inner plexiform
layer thickness among people with diabetes.1%:20 Few Beaver Dam Offspring Study
participants had a history of cerebrovascular events, so the present study was not powered to
evaluate stroke. An age- and sex-adjusted association between hypertension and macular
ganglion cell-inner plexiform layer thickness was observed in the present study. Future
studies should investigate the relationship between vascular health and macular ganglion
cell-inner plexiform layer.

While a number of factors associated with the macular ganglion cell-inner plexiform layer
were identified in the present study, the strength of associations of many of these factors
were modest or small. The largest effect observed in the continuous measure was for
participants with myopia, —2.55 pm, followed by that for diabetes —2.10 pm, glaucoma
-1.74 pm, and >140 grams of ethanol consumed per week, —1.44 um. These differences are
small though they are larger than the difference for a 5-year increase in age, =1.07 ym.
Although these results are cross-sectional this may indicate the importance of these factors
in neurodegeneration. The effects of inflammation in the present study are small for the
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continuous outcome, <1 um, however, in the binary outcome, long-term high C-reactive
protein was associated with a 74% increase in odds of thin macular ganglion cell-inner
plexiform layer, nearly double the effect of 5-years of aging, 38%, while increasing C-
reactive protein was associated with a 46% increase in odds. This points to the potential
importance of inflammation in neurodegenerative processes as well, though longitudinal
study is necessary to confirm this finding.

This study’s strengths include a well characterized cohort, a large sample size, and
standardized measurement of key variables. Few studies have characterized the macular
ganglion cell-inner plexiform layer thickness in the general population and identified factors
associated with this thickness. To our knowledge this is the first study to do so in a middle-
aged U.S. adult population. A limitation of this study is the population is racially and
ethnically homogenous. As a result, these findings may not be generalizable to other groups,
and studies should be conducted addressing this limitation. Our findings are cross-sectional
in nature and as a result no causal inferences can be made.

CONCLUSIONS

Older age, high alcohol consumption, inflammation, diabetes, myopia, and glaucoma were
independently associated with macular ganglion cell-inner plexiform layer thickness in this
cross-sectional study of relatively healthy middle-aged U.S. adults. Inflammation, metabolic
dysfunction, and alcohol consumption may be important to neural retinal structure and
health and neuronal health system wide. These factors should be studied longitudinally to
determine their role in neurodegenerative processes and to determine if they provide a
potential avenue for prevention and intervention.
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Appendix Figure 1:
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by education, smoking status, and exercise in the Beaver Dam Offspring
Study.
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Appendix Figure 2:

Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence
intervals stratified by anthropometric factors in the Beaver Dam Offspring Study.
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Appendix Figure 3:

Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence
intervals stratified by health conditions in the Beaver Dam Offspring Study.
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Appendix Figure 4:

Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence
intervals stratified by hemoglobin Alc, cholesterol, and vitamin levels in the Beaver Dam

Offspring Study.
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Appendix Figure 5:

Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence
intervals stratified by vascular risk factors in the Beaver Dam Offspring Study.
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Appendix Figure 7:

Long-term interleukin-6 level

Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence
intervals stratified by long-term interleukin-6 level in the Beaver Dam Offspring Study.
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Appendix Figure 8:
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by tumor necrosis factor-a level in the Beaver Dam Offspring Study.
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Appendix Figure 9:
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by soluble vascular cell adhesion molecule-1 level in the Beaver Dam
Offspring Study.
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Appendix Figure 10:
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by soluble intercellular adhesion molecule-1 level in the Beaver Dam
Offspring Study.
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Appendix Figure 11:
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by white blood cell count in the Beaver Dam Offspring Study.
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Appendix Figure 12:

Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by ocular health conditions in the Beaver Dam Offspring Study.
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Appendix Figure 13:
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by blood cadmium and lead levels in the Beaver Dam Offspring Study.
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Appendix Figure 14:
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by use of statin medications in the Beaver Dam Offspring Study.
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Figure 1.
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by age group and sex in the Beaver Dam Offspring Study.
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Figure 2.
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified refractive status in the Beaver Dam Offspring Study.
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Figure 3.

Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence
intervals stratified by alcohol consumption in the Beaver Dam Offspring Study.
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Figure 4.
Mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness and 95% confidence

intervals stratified by interleukin-6 level in the Beaver Dam Offspring Study.
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Table 1.

Macular ganglion cell-inner plexiform layer (mGCIPL) thickness (um) and frequency of thin mGCIPL by
baseline characteristics of Beaver Dam Offspring Study participants.

mGCIPL thickness (um) Thin mGCIPL (<70.3 um)
Overall Age-Sex Adjusted Estimate Age-Sex Adjusted Odds Ratio
N Mean (SD)? b N (%)2 oR
(95% ClI) (95% ClI)
Men 821  78.3(8.6) 0.03 (~0.67 t0 0.73) 125 (15.1) 1.14 (0.89-1.45)
Women 986 78.5 (7.6) Reference 124 (12.7) Reference
Age (years)
<35 101  815(7.4) 10 (9.9)
35-44 500  80.4(7.2) 33 (6.6)
45-54 713 78.6 (7.7) Per 5 years 85 (11.9) Per 5 years
55-64 398  76.1(8.6) -1.15 (-1.34 to -0.95) 83 (20.9) 1.39 (1.29-1.49)
65+ 95 73.1(8.9) 38 (40.0)
Education (years)
<16 1178 78.6 (7.9) Reference 157 (13.3) Reference
16+ 619  78.1(8.5) -0.57 (-1.30 t0 0.16) 91 (14.7) 1.06 (0.82-1.38)
Current Smoker
No 1523 78.3(8.4) Reference 217 (14.3) Reference
Yes 278  79.3(7.5) 0.24 (-0.68 to 1.16) 32 (11.5) 0.94 (0.66-1.35)
Alcohol (gm ethanol/week)
None 176  76.9(10.2) -1.72 (-3.15 to -0.29) 36 (20.5) 1.63 (1.11-2.38)
0-14 768 78.5 (8.0) Reference 102 (13.3) Reference
>14-74 438  79.2(7.3) 0.41 (-0.42 to 1.25) 48 (11.0) 0.94 (0.67-1.31)
>74-140 204  78.3(8.2) -0.55 (~1.69 to 0.59) 26 (12.8) 1.00 (0.64-1.55)
>140 216 77.6(7.9) -1.18 (-2.37 t0 0.01) 37 (17.1) 1.30 (0.85-1.97)
Exercise 1/week
No 707 77.5 (8.4) Reference 114 (16.1) Reference
Yes 1095  79.0 (7.8) 1.09 (0.37-1.81) 135 (12.3) 0.82 (0.64-1.06)
Waist Circumference (cm)
T1(<92) 59  79.3(7.6) 60 (10.1)
T2 (93-105) 603 78.2 (8.3) Per 5 cm increase 93 (15.4) Per 5 cm increase
T3(>105) 556 77.6 (8.5) -0.13 (-0.25 to -0.01) 92 (16.6) 1.04 (1.00-1.08)
BMI (kg/m?)
Normal (<25) 363 79.7 (7.4) Reference 35(9.6) Reference
Overweight (25to <30) 604  78.0 (8.4) -0.94 (-1.92 t0 0.04) 93 (15.4) 1.27 (0.86-1.89)
Obese (230) 792  78.1(8.1) -0.76 (-1.69 t0 0.17) 117 (14.8) 1.17 (0.80-1.72)
Hypertension
No 1159 79.1(7.9) Reference 132 (11.4) Reference
Yes 617  77.0(8.4) -0.91 (-1.72 to -0.09) 116 (18.8) 1.21 (0.92-1.59)
CVD History
No 1681 78.5(8.1) Reference 225 (13.4) Reference
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mGCIPL thickness (um)

Thin mGCIPL (<70.3 um)

Overall Age-Sex Adjusted Estimate Age-Sex Adjusted Odds Ratio
N Mean (SD)? b N (%)2 oR
(95% ClI) (95% ClI)
Yes 115  77.1(7.8) -0.91 (-2.38 t0 0.56) 21(18.3) 1.16 (0.76-1.79)
Mean IMT (mm)
<0.79 1544 78.6 (8.0) Per 0.1mm increase 210 (13.6) Reference
2079 199  76.2(8.8) -0.21 (055 t0 0.13) 35 (17.6) 0.84 (0.58-1.22)
Any Plaque
No 1366 78.7 (8.2) Reference 179 (13.1) Reference
Yes 375  76.9(7.8) -0.52 (-1.47 t0 0.43) 66 (17.6) 0.97 (0.72-1.31)
Plaque sites (#)
0 1303 78.8 (8.2) Reference 165 (12.7) Reference
1-3 342 77.0(7.8) -0.70 (~1.69 t0 0.29) 61 (17.8) 1.05 (0.76-1.43)
46 27 75.6 (6.9) -0.66 (=3.01 to 1.70) 4(14.8) 0.73 (0.33-1.62)
Diabetes
No 1715 78.6 (7.9) Reference 222 (12.9) Reference
Yes 83  74.9(10.0) -2.70 (-4.76 to -0.64) 24 (28.9) 1.84 (1.16-2.92)
Hemoglobin A1C (%)
<6.5 1675 78.4 (8.1) Reference 225 (13.4) Reference
65 54 76.5 (9.3) -1.75 (=4.49 t0 0.99) 14 (25.9) 1.53 (0.86-2.71)
Non-HDL cholesterol <150 mg/dL
No 922  78.3(8.3) Per 20 mg/dL 132 (14.3) Per 20 mg/dL
Yes 815  785(7.9) 0.04 (-0.15 t0 0.23) 112 (13.7) 0.98 (0.92-1.05)
Vitamin B12 <247 pg/mL
No 1636 78.4 (8.2) Reference 230 (14.1) Reference
Yes 30 76.5 (8.5) -1.70 (-3.91 to 0.50) 6 (20.0) 1.49 (0.71-3.14)
Vitamin D3, Q1 (<19.29 ng/mL)
No 1317 78.4 (8.1) Reference 177 (13.4) Reference
Yes 338  78.0(8.4) -0.64 (-1.57 t0 0.30) 57 (16.9) 1.17 (0.86-1.59)
Vitamin D total <20 ng/mL
No 1458 78.4 (8.2) Reference 203 (13.9) Reference
Yes 197  78.3(8.0) -0.56 (~1.70 to 0.58) 31(15.7) 1.08 (0.73-1.59)
hsCRP (mg/L)
<10 676  78.6(8.0) 91 (13.5)
1.0-3.0 645  78.4(8.1) InNCRP 83 (12.9) INCRP
30 381  77.7(86) -0.41 (-0.74 to -0.07) 68 (17.9) 1.18 (1.04-1.34)
IL-6 (pg/mL)
T1(<1.267) 540  79.3(7.9) 56 (10.4)
T2(1.267-2.276) 597  78.2(8.3) InIL-6 86 (14.4) InIL-6
T3(22.276) 550  77.6(8.2) -0.94 (-1.50 to -0.37) 96 (17.5) 1.43 (1.17-1.73)
sVCAM -1 (ng/mL)
T1(<49751) 596  78.9(7.7) 76 (12.8)
T2 (497.52-635.40) 573  78.5(8.3) INVCAM (unit=0.25) 79 (13.8) INVCAM (unit=0.25)
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mGCIPL thickness (um)

Thin mGCIPL (<70.3 um)

Overall Age-Sex Adjusted Estimate Age-Sex Adjusted Odds Ratio
N Mean (SD)? b N (%)2 oR
(95% ClI) (95% ClI)
T3(>635.40) 533  77.5(8.4) -0.34 (-0.67 to -0.02) 87 (16.3) 1.06 (0.95-1.18)
TNF- a (pg/mL)
T1(<0.35) 585 79.0 (7.3) 68 (11.6)
T2(0.36-0.61) 569  78.0(8.2) INTNF- a 89 (15.6) INTNF- a
T3(>0.61) 548  78.0(8.9) -0.36 (-0.85 t0 0.13) 85 (15.5) 1.04 (0.86-1.24)
sICAM-1 (ng/mL)
T1(<190.1) 567  78.9(8.0) 71 (12.5)
T2(190.1-2385) 591  78.1(7.9) INICAM (unit=0.25) 86 (14.6) INICAM (unit=0.25)
T3(22385) 534  78.1(85) -0.16 (-0.46 t0 0.13) 81 (15.2) 1.07 (0.96-1.18)
Long Term hsCRP
Reference 978 78.6 (7.8) Reference 121 (13.4) Reference
Increasing 349  78.4(8.0) -0.42 (-1.31 t0 0.48) 49 (14.0) 1.35 (0.97-1.88)
High-High 232  77.6 (8.7) -1.36 (-2.48 to -0.25) 45 (19.4) 1.97 (1.38-2.82)
Long Term IL-6
Reference 1075 78.7 (7.9) Reference 135 (12.6) Reference
Increasing 203 78.6 (8.5) 0.38 (~0.73 to 1.50) 28 (13.8) 1.00 (0.66-1.52)
High-High 266  77.7(7.8) -0.98 (-2.01 t0 0.04) 48 (18.1) 1.54 (1.10-2.15)
Long Term sICAM
Reference 1145 78.6 (8.3) Reference 156 (13.6) Reference
Increasing 164  78.2(6.7) -0.08 (-1.09 to 0.94) 19 (11.6) 0.83 (0.52-1.31)
High-High 240  78.4(7.1) -0.45 (-1.43 10 0.52) 36 (15.0) 1.15 (0.81-1.63)
Long Term sVCAM
Reference 774 79.0 (8.0) Reference 99 (12.8) Reference
Increasing 410 787 (7.9) -0.23 (-1.11 t0 0.65) 52 (12.7) 0.91 (0.65-1.27)
High-High 375  77.1(8.0) -1.14 (-2.03 to -0.25) 64 (17.1) 1.02 (0.75-1.40)
WBC (k/pL)
T1(<6.3) 618  78.7(8.0) Per 1 kiuL 91 (14.7) Per 1 kiuL
T2(6.4-7.8) 560  78.3(8.0) -0.18 (-0.35 t0 0.002) 68 (12.1) 1.03 (0.96-1.10)
T3(>7.8) 562  78.1(8.4) 84 (15.0)
Refractive Status (diopters)
Myopia (s-1.00) 703 76.6 (8.1) -2.75 (-3.33, -2.17) 135 (19.2) 2.52 (2.01-3.16)
Emmetropia (>-1.00 and <1.00) 853 79.9 (7.5) Reference 81 (9.5) Reference
Hyperopia (=1.00) 206  78.2(9.2) 0.44 (-0.42 to 1.29) 29 (14.1) 0.99 (0.75-1.30)
Any AMD
No 1616 78.5 (8.0) Reference 220 (13.6) Reference
Yes 48 77.4(1.5) 0.62 (~0.86 0 2.11) 7 (14.6) 0.91 (0.52-1.61)
Any Cataract
No 1388 78.9(7.3) Reference 157 (11.3) Reference
Yes 130  75.0 (11.7) -0.77 (-2.00 to 0.45) 36 (27.7) 1.35 (1.01-1.79)

Diabetic Retinopathy
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mGCIPL thickness (um)

Thin mGCIPL (<70.3 um)

Overall Age-Sex Adjusted Estimate Age-Sex Adjusted Odds Ratio
N Mean (SD)? b N (%)2 oR
(95% ClI) (95% ClI)
No 1597 78.4 (8.0) Reference 217 (13.6) Reference
Yes 90 77.8(1.7) 0.07 (-0.63 10 0.77) 14 (15.6) 1.12 (0.86-1.46)
Glaucoma
No 1644 78.7 (8.0) Reference 210 (12.8) Reference
Yes 99 73.9(8.7) -1.93 (-2.94 to -0.92) 32(32.3) 1.43 (0.97-2.11)
History of Head Injury
No 1309 78.4 (8.3) Reference 176 (13.5) Reference
Yes 496  78.5(7.5) -0.27 (-1.03 to 0.50) 73 (14.7) 1.13 (0.85-1.49)
Cadmium Q5 (20.53 pg/L )
No 1329 78.2(8.2) Reference 192 (14.5) Reference
Yes 301  79.0(7.4) 0.60 (~0.28 to 1.49) 39 (13.0) 0.92 (0.66-1.29)
Lead Q5 (22.07 pg/dL)
No 1312 78.5(8.2) Reference 189 (14.4) Reference
Yes 318  77.9(7.5) 0.44 (-0.44 t0 1.32) 42 (13.2) 0.61 (0.43-0.86)
Statin Use
No 1511 78.7 (8.2) Reference 199 (13.2) Reference
Yes 261  76.8(7.7) -0.61 (-1.64 to 0.42) 48 (18.4) 1.04 (0.75-1.43)

SD=standard deviation, Cl=confidence interval, BMI=body mass index, CVD=cardiovascular disease, IMT=intima-media thickness, HDL=high-
density lipoprotein, Q=quintile, hsCRP=high-sensitivity C-reactive protein, IL-6=interleukin-6, T=tertile, sVCAM=soluble vascular adhesion
molecule-1, TNF-a=tumor necrosis factor-a, sSICAM-1=soluble intercellular adhesion molecule-1, WBC=white blood cell count, AMD=age-

related macular degeneration

a .
Means and percentages presented are for right eye.

b . . . A .
Models incorporate both eyes using generalized estimating equations
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Table 2.

Multivariable (MV) models of the association between baseline factors and macular ganglion cell-inner
plexiform layer (mGCIPL) thickness.

mGCIPL thickness Thin mGCIPL

MV model MV model

Sensitivity Analysisa

OR (95% CI)

Sensitivity Analysisa

B (95% CI)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Age (per 5 years)
Male sex

Alcohol consumption (g/week)

0
15-74
75-140
>140
Diabetes
Myopia
Hyperopia
Cataract
Glaucoma
IL-6 (natural log)
Long-term sVCAM
Increasingb
High®
Long-term hsCRP
Increasingb
High®

-1.07 (-1.28 to -0.86)
~0.06 (~0.82 t0 0.71)

-0.87 (-2.25 0 0.52)
0.10 (-0.76 t0 0.97)
-1.09 (-2.29 0 0.11)
-1.44 (-2.72 t0 -0.16)
~2.10 (-4.25 to 0.05)
-2.55 (-3.17 to —1.94)
-0.07 (-1.02 to 0.89)

-1.74 (2.7 t0 =0.70)
~0.56 (~1.11 to -0.01)

-0.21 (-1.08 t0 0.65)

~0.85 (~1.72 10 0.03)

-0.95 (~1.17 to —0.74)
0.09 (~0.70 to 0.89)

~0.61 (-2.02 t0 0.81)
~0.47 (-1.36 t0 0.43)
-1.63 (-2.92 to —0.34)
-1.69 (-3.01 to ~0.38)
-2.22 (-4.92 t0 0.48)
-2.48 (-3.15 to —1.80)
-0.34 (-1.46 10 0.77)

-0.73 (-1.32 to -0.13)

-0.22 (-1.10 to 0.66)

-0.78 (-1.67 t0 0.11)

1.38 (1.24-1.53)
1.30 (0.93-1.81)

1.40 (0.89-2.20)
1.05 (0.70-1.58)
0.93 (0.54-1.60)
1.08 (0.64-1.81)
1.89 (1.09-3.27)
2.11 (1.63-2.73)
0.90 (0.63-1.28)
1.21 (0.89-1.66)
1.49 (0.98-2.28)
1.24 (0.97-1.59)

1.46 (1.01-2.11)

1.74 (1.14-2.65)

1.38 (1.24-1.54)
1.24 (0.87-1.76)

1.87 (1.14-3.07)
1.34 (0.88-2.03)
1.41 (0.81-2.46)
1.53 (0.90-2.60)
1.81 (0.90-3.63)
2.55 (1.89-3.44)
0.95 (0.63-1.43)

1.32 (1.01-1.73)

1.31 (0.88-1.93)

1.66 (1.06-2.56)

Cl=confidence interval, OR=0dds Ratio, IL-6=interleukin-6, sVCAM=soluble vascular adhesion, hsCRP=high-sensitivity C-reactive protein
aEchuding those with age-related macular degeneration, diabetic retinopathy, glaucoma, or cataract
Biomarker level increased by 1 or more tertiles from baseline examination to the 5-year follow-up examination

Biomarker level in highest tertile at baseline examination and at 5-year follow-up examination
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