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ABSTRACT

Background: To cross-sectionally and longitudinally examine whether retinal vessel traits are associated with glaucoma-related
outcomes (glaucoma, cup-to-disc ratio [CDR] and intraocular pressure [IOP]) and age-related macular degeneration (AMD).
Methods: Baseline and 3-year follow-up data from the 30097 participants of the Canadian Longitudinal Study on Aging were
used. The follow-up rate was 92%. QUARTZ, a deep learning algorithm, was used to extract data from retinal images includ-
ing arteriolar and venular diameter, tortuosity and vertical CDR. Glaucoma and AMD were self-reported. IOP was measured.
Multiple linear and logistic regression were used to adjust for demographic, lifestyle and clinical factors.

Results: Having wider arterioles was associated with a lower odds of glaucoma (OR =0.36, 95% CI: 0.20, 0.65) at baseline but
there was no association using longitudinal data. Instead, glaucoma at baseline was strongly associated with 3-year change in
arteriolar diameter (8 =-0.21, 95% CI: —0.37, —0.05) indicating that the cross-sectional association may have been due to reverse
causality. Using longitudinal data, greater venular tortuosity was associated with a reduced 3-year development of glaucoma
(OR=0.52, 95% CI: 0.31, 0.87) and a 3-year reduction in the CDR (8=—-0.006, 95% CI: —0.010, —0.002). Wider venular diameter
was associated with a higher odds of AMD at baseline (OR =2.77, 95% CI: 1.50, 5.15) and a higher odds of the 3-year development
of AMD (OR=4.15, 95% CI: 1.95, 8.82).

Conclusions: Understanding the temporal relationship of changes in the retinal microvasculature and the development of eye
disease may lead to better treatment and prevention strategies.

1 | Introduction the cup-to-disc ratio (CDR) [2]. High intraocular pressure

(IOP) is a major risk factor for the development of glaucoma

Glaucoma and age-related macular degeneration (AMD) are
two of the leading causes of visual impairment and blindness
in the world [1]. Glaucoma is characterised by a progressive
loss of retinal ganglion cells, which can be visualised on oph-
thalmic examination as optic disc cupping and measured by

and remains the only modifiable factor targeted by treatment.
Meanwhile, AMD is a progressive degeneration of multiple
retinal tissues including the photoreceptors, retinal pigment
epithelium, Bruch's membrane, and the choriocapillaris due to
various age-related changes [3]. Choroidal neovascularization
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and geographic atrophy can occur in late-stage AMD, causing
vision to deteriorate. Disruptions of the retinal vasculature
have been found for both diseases [4, 5], as well as cardiovas-
cular disease [6-8].

Because most prior research has been cross-sectional, the tem-
poral relationship of the disease and the vascular disruptions
is not entirely clear. For example, arteriolar narrowing has
been found in glaucoma patients [4]. However, it is not clear
if that narrowing leads to glaucoma or if the decreased met-
abolic needs of a glaucomatous retina lead to the narrowing.
Since cross-sectional studies can suffer from reverse causality,
longitudinal studies are critical to establish the temporality
of retinal vessel diameter and age-related eye disease. This is
important because if the vascular disruption precedes the de-
velopment of eye disease, then treatments targeting this could
potentially prevent the onset of eye disease. Two longitudinal
studies examined the link between retinal vessel diameter
and the incidence of glaucoma, with one of them finding a
statistically significant association and one finding null re-
sults [9, 10]. Five longitudinal studies examined retinal vessel
diameter and the incidence of AMD or its signs, with all but
one finding null results [11-15]. However, longitudinal studies
require much larger sample sizes than cross-sectional stud-
ies to be adequately powered. Using longitudinal data from
the 30097 participants of the Canadian Longitudinal Study
on Aging (CLSA) [16], we examined the relationship between
retinal vessel traits including diameter and tortuosity (i.e.,
curvature) and age-related eye diseases including glaucoma
and AMD.

2 | Methods
2.1 | Study Population and Design

We conducted both cross-sectional and longitudinal analyses
using data from the CLSA Comprehensive Cohort [16]. This
study includes 30097 Canadian adults aged 45-85years, re-
cruited through random sampling of provincial healthcare
databases and random digit dialling of landline phones.
Baseline data were gathered between 2012 and 2015 through
in-home interviews and physical assessments at CLSA data
collection sites in cities across Canada, including Victoria,
Vancouver, Surrey, Calgary, Winnipeg, Hamilton, Ottawa,
Montreal, Sherbrooke, Halifax and St. John's. Follow-up data
were collected in the same manner 3 years later, between 2015
and 2018.

Participants were eligible if they were aged 45-85years, lived
in the community, spoke English or French, and resided
within 25-50km of a data collection site. Exclusion criteria
included cognitive impairment, full-time membership in the
Canadian Armed Forces, living on a federal First Nations re-
serve or settlement, residing in a long-term care facility, or
not being a permanent resident or citizen. Written informed
consent was obtained for all participants. Research Ethics
Board approval was acquired for all CLSA sites in July 2010.
The University of Ottawa Office of Research Ethics and
Integrity gave approval for the present analysis in January
2023 (H-01-23-8331).

2.2 | Data Collection
2.2.1 | Retinal Images

Nonmydriatic retinal images were taken in each eye using a
Topcon TRC-NW8 fundus camera. A Nikon D90 camera was at-
tached. Images were centred on the macula and had a 45° field-
of-view. The large majority of the images were saved in JPEG
format with a resolution of 4288 x 2848 pixels. Images from one
site were saved with a resolution of 4928 X 3264 pixels. These im-
ages were resized to 4288 x 2848 pixels to be consistent with the
other images.

2.2.2 | Retinal Vessel Traits

To process the retinal images, a deep learning algorithm called
Quantitative Analysis of Retinal Vessel Topology and Size
(QUARTZ) was used [17, 18]. QUARTZ takes measurements
across the inner retinal layer, which includes arterioles, pre-
and post-capillaries and venules. In the CLSA data, QUARTZ
can evaluate inadequate image quality with a sensitivity of
91% and a specificity of 100% [17]. QUARTZ can also deter-
mine an arteriole from a venule with 88% accuracy, increasing
to 96% using a probability cutoff of 0.8 [17]. QUARTZ produced
thousands of measures of diameter and tortuosity from across
the entire retinal image. The mean diameter and tortuosity
of each arteriole and venule were then summarised, weighted
by the vessel segment length for each image. The units for di-
ameter are pixels while tortuosity is a unitless measure, with
greater scores indicating curvier vessels. Measurements of the
optic nerve vertical CDRs were also obtained from QUARTZ.
In the CLSA data, the detection rate for optic disc localisation
was very high at 99%, while the mean absolute error for ver-
tical CDR was low at 0.0378 [17]. Larger CDRs may indicate
glaucoma.

2.2.3 | Other Ocular Data

Participants were asked at baseline and follow-up: ‘has a doctor
ever told you that you have glaucoma [or macular degeneration]’.
Corneal-compensated IOP was measured in each eye using the
Reichart Ocular Response Analyzer (Reichart Technologies,
Depew, NY, USA). Those participants who were taking medi-
cations with a Drug Identification Number indicating an IOP-
lowering drug were noted. Pinhole-corrected visual acuity was
measured in each eye using the illuminated Early Treatment of
Diabetic Retinopathy Study chart with scores converted to log-
MAR for analysis.

2.2.4 | Demographic, Health, Lifestyle
and Medication Data

Demographic data including age, sex, income and race/ethnic-
ity were collected at baseline during the in-home visit using
the interviewer administered questionnaire. Income was as-
sessed by asking participants “What is your best estimate of
the total household income received by all household mem-
bers, from all sources, before taxes and deductions, in the past
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12 months?’. Participants were grouped into five categories:
>$150000, $150000-$100000, $100000-$50000, $50000—
$20000, refused.

Smoking status was assessed by asking participants ‘Have you
smoked at least 100 cigarettes in your life?” and ‘At the present
time, do you smoke cigarettes daily, occasionally (at least once
in last 30days), or not at all (not in last 30days)?’. We defined
current smokers as those who had smoked at least 100 cigarettes
and currently smokes daily or occasionally. Former smokers
were those who reported smoking at least 100 cigarettes in life
but had not smoked in the last 30days. Frequency of alcohol con-
sumption was similarly assessed by asking participants ‘About
how often during the past 12months did you drink alcohol?’.
We categorised responses into never, occasionally (zero to three
times a month), weekly (between one and five times a week) or
daily (six or more times a week).

During the interviewer-led questionnaire, participants were
asked about diabetes using the following two questions: ‘has a
doctor ever told you that you have diabetes, borderline diabetes,
or that your blood sugar is high’; if yes, then they were asked
‘were you diagnosed with type 1, type 2, or neither’. Participants
were also asked ‘Has a doctor ever diagnosed you with stroke
or cerebrovascular accident?’. At the data collection site, weight
was measured using a 140-10 Healthweigh Digital Physician
Scale while height was measured using a Seca 213 stadiometer.
BMI was calculated using weight and height values each based
on an average of two separate measurements. Body mass index
(BMI) was calculated as weight (kg)/height squared (m?) and
classified according to the World Health Organization catego-
ries (underweight <18.5kg/m?, normal weight 18.5-24.9kg/
m?, overweight 25.0-29.9kg/m?, and obese >30.0kg/m?) [19].
Blood pressure was measured using the VSM BpTRU monitor
(Medaval, Dublin, Ireland). Six blood pressure measurements
were acquired, and an average of measurements two through
six was used.

Questions were asked about certain medications. Participants
were asked if they were currently taking any medications for
high blood pressure or hypertension. They were also asked if
they had ever taken systemic corticosteroids such as prednisone
or cortisone by tablet.

2.3 | Statistical Analysis

Those with and without glaucoma/AMD were compared.
Multiple linear regression models were used to examine the
associations between each baseline retinal vessel trait and the
IOP, CDR and the 3-year change values. Change values were
calculated by taking the follow-up value minus the baseline
value. Multiple logistic regression models were used to assess
the associations between each baseline retinal vessel trait and
baseline eye disease (glaucoma or AMD) or the 3-year devel-
opment of eye disease. All models contained both the arterio-
lar and venular trait, as researchers have noted that they may
confound each other [20, 21]. Models were adjusted initially
for age, sex, race, income, BMI, systolic and diastolic blood
pressure, stroke, diabetes, smoking, alcohol and province, ac-
cording to prior research by our group that found associations

between these variables and retinal vessel traits [22]. Models
for the 3-year change outcomes were also adjusted for the
baseline level of the outcome to account for floor/ceiling ef-
fects (i.e., those who already have narrow vessels may be less
likely to become narrower over time). In an extended model,
we additionally adjusted for IOP-lowering medications, med-
ication for systemic hypertension, and systemic oral steroid
use. Regression models for CDR and IOP were run for right
eyes only since it is not possible to account for both the com-
plex survey design (weight and strata) and the correlation be-
tween eyes. The complex survey design (weights and strata)
was accounted for in all analyses. Stata/SE Version 16.1 for
Windows was used.

3 | Results

Of the 30097 CLSA participants, 26076 (87%) had at least one
acceptable QUARTZ image quality score. Those with unaccept-
able QUARTZ scores were older, had higher systolic blood pres-
sure, were more likely to smoke, and to have diabetes (p <0.05)
(data not shown). Of those with acceptable QUARTZ image qual-
ity scores who answered the question on glaucoma (n=25942),
those with and without a report of glaucoma are compared in
Table 1. Those who reported a diagnosis of glaucoma were older,
more likely to be female, had higher systolic blood pressure,
more likely to drink alcohol every day and to have diabetes, to
have higher IOP, and worse CDR (p <0.05). They also had wider
arteriolar and venular diameter (p < 0.05). Those who reported a
diagnosis of AMD (Table 2) had worse visual acuity, were older,
more likely to be female, to have higher systolic blood pressure,
to drink alcohol daily, to have diabetes and had wider venular
diameter and reduced venular tortuosity (p <0.05). A high per-
centage of CLSA participants returned to follow-up (92%). Of
those with retinal images, there were 464 people (2.1%) with in-
cident glaucoma and 415 with incident AMD (1.9%). Images re-
flecting the 1st and 99th percentile values of arteriolar diameter
and tortuosity are shown in Figures S1-S4.

The cross-sectional adjusted associations between retinal ves-
sel traits and glaucoma-related outcomes are shown in Table 3.
After adjustment for demographic, lifestyle and medical vari-
ables (Model 1a), having wider arterioles (per 10-pixel increase)
was associated with a lower odds of glaucoma (OR=0.36,
95% CI: 0.20, 0.65) while having wider venules was associated
with a higher odds of glaucoma (OR=2.39, 95% CI: 1.41, 4.05).
However, the association between arteriolar diameter and glau-
coma was no longer statistically significant after adjustment
for additional variables like IOP-lowering treatment (Model
1b) (OR=0.77, 95% CI: 0.38, 1.54). Neither arteriolar nor venu-
lar tortuosity were associated with glaucoma in either model
(p>0.05). Both wider arterioles and wider venules were as-
sociated with a smaller CDR in both models (8=-0.021, 95%
CI: —0.033, —0.009 and =-0.012, 95% CI: —0.022, —0.001, re-
spectively, in Model 1b). Arteriolar and venular tortuosity were
associated with CDR but in opposite directions in both models
(8=0.010, 95% CI: 0.005, 0.014 and S =-0.034, 95% CI: —0.041,
—0.27, respectively, in Model 2b). Wider venules were inversely
associated with IOP (f=-1.93, 95% CI: —2.35, —1.52) while ar-
terioles were not associated with IOP in Model 1a, but they had
borderline statistical significance in Model 1b (=0.50, 95% CI:
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TABLE1 | Selected characteristics of those with and without a report of glaucoma at baseline.

Glaucoma (n=1169), No glaucoma (n=24773),

mean (SD) or % mean (SD) or % 4]

Age, years 66.89 (10.50) 58.50 (9.58) <0.001
Female sex 58.17% 52.46% 0.007
Race/ethnicity

White 93.53% 93.82% 0.811

Non-White 6.47% 6.18%
BMI, kg/m? 28.62 (6.11) 28.43 (5.69) 0.463
SBP, mmHg 123.09 (18.08) 119.84 (16.22) <0.001
DBP, mmHg 72.32 (10.75) 74.75 (9.90) <0.001
Smoking

Never 41.24% 44.50% 0.110

Former 48.69% 44.06%

Current 10.06% 11.43%
Alcohol

Never 2.40% 2.37% <0.001

Occasional 49.24% 42.37%

Weekly 32.42% 41.94%

Daily 15.95% 13.31%
Diabetes

None 73.30% 83.69% <0.001

Type 1 1.51% 0.56%

Type 2 17.10% 8.37%

Neither 8.09% 7.38%
IOP, mmHg OD 17.38 (4.91) 15.61 (3.94) <0.001
IOP, mmHg OS 17.71 (5.43) 16.03 (3.94) <0.001
CDR OD 0.50 (0.12) 0.44 (0.09) <0.001
CDR OS 0.50 (0.12) 0.44(0.09) <0.001
Arteriolar diameter OD, pixels 15.88 (1.99) 15.65(1.64) 0.004
Arteriolar diameter OS, pixels 16.27 (2.16) 16.10 (1.78) 0.046
Venular diameter OD, pixels 18.10 (2.33) 17.51 (1.81) <0.001
Venular diameter OS, pixels 18.38 (2.64) 17.75 (1.91) <0.001
Arteriolar tortuosity? OD 1.24(0.45) 1.23(0.39) 0.376
Arteriolar tortuosity?® OS 1.26 (0.46) 1.23(0.39) 0.170
Venular tortuosity? OD 1.19 (0.32) 1.18 (0.24) 0.383
Venular tortuosity® OS 1.20 (0.29) 1.20 (0.25) 0.896

Abbreviations: BMI, body mass index; CDR, cup-to-disc ratio; DBP, diastolic blood pressure; IOP, intraocular pressure; OD, right eye; OS, left eye; SBP, systolic blood
pressure.
aTortuosity measures were multiplied by 1000 and the natural log taken to achieve normality.

0.00, 1.00). Both arteriolar and venular tortuosity were associ- The longitudinal adjusted associations between retinal vessel traits
ated with IOP (8=-0.24, 95% CI: —0.42, —0.05 and =-0.37, and glaucoma-related outcomes are shown in Table 4. Unlike our
95% CI: —0.66, —0.09, respectively, in Model 2b). cross-sectional associations between vessel diameter and glaucoma
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TABLE 2 | Selected characteristics of those with and without a report of AMD at baseline.

AMD (n=979),

No AMD (n=24952),

mean (SD) or % mean (SD) or % 4]

OD pinhole visual acuity, logMAR 0.21 (0.25) 0.08 (0.15) <0.001
Age, years 68.39 (11.95) 58.54 (9.54) <0.001
Female sex 59.22% 52.47% 0.004
Race/ethnicity

White 94.55% 93.78% 0.645

Non-White 5.45% 6.22%
BMI, kg/m? 28.61 (6.45) 28.44 (5.68) 0.535
SBP, mmHg 124.92 (20.28) 119.84 (16.19) <0.001
DBP, mmHg 72.79 (10.95) 74.72 (9.92) <0.001
Smoking

Never 41.78% 44.40% 0.058

Former 49.25% 44.11%

Current 8.98% 11.48%
Alcohol

Never 2.93% 2.36% 0.001

Occasional 46.84% 42.52%

Weekly 33.12% 41.79%

Daily 17.11% 13.34%
Diabetes

None 76.20% 83.56% <0.001

Type 1 0.29% 0.59%

Type 2 14.19% 8.53%

Neither 9.32% 7.32%
Arteriolar diameter OD, pixels 15.70 (1.96) 15.66 (1.64) 0.651
Arteriolar diameter OS, pixels 16.14 (2.27) 16.10 (1.79) 0.725
Venular diameter OD, pixels 18.15(2.41) 17.52 (1.82) <0.001
Venular diameter OS, pixels 18.52(2.67) 17.76 (1.92) <0.001
Arteriolar tortuosity? OD 1.22(0.43) 1.23(0.39) 0.703
Arteriolar tortuosity? OS 1.23(0.44) 1.24(0.39) 0.597
Venular tortuosity? OD 1.14 (0.30) 1.18 (0.24) 0.008
Venular tortuosity® OS 1.16 (0.31) 1.20 (0.25) 0.015

Abbreviations: AMD, age-related macular degeneration; BMI, body mass index; DBP, diastolic blood pressure; OD, right eye; OS, left eye; SBP, systolic blood pressure.

2Tortuosity measures were multiplied by 1000 and the natural log taken to achieve normality.

(Table 3, Model 1a), there were no statistically significant associa-
tions between retinal vessel diameter and the 3-year development
of glaucoma. To determine whether the cross-sectional association
between arteriolar diameter and glaucoma at baseline was due
to reverse causality, we examined whether glaucoma at baseline
was associated with the 3-year change in arteriolar diameter. In
fact, it was strongly associated (f=-0.21, 95% CI: —0.37, —0.05)

indicating that the cross-sectional association may have been due
atleast in part to reverse causality. Venular tortuosity was strongly
inversely associated with the 3-year development of glaucoma in
both models (OR=0.52, 95% CI: 0.31, 0.87 in Model 2a). Also, ve-
nular tortuosity was inversely associated with the 3-year change in
CDR in both models (8=-0.006, 95% CI: —0.010, —0.002 in Model
2a). Venular diameter and arteriolar tortuosity were inversely
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TABLE 3 | Cross-sectional associations between retinal vessel traits and glaucoma outcomes adjusted for two sets of variables.

Glaucoma
(n=23993)® CDR (n=23824) IOP (n=23279)
Model Vessel trait? OR 95% CI B 95% CI B 95% CI
la¢ Arteriolar diameter 0.36 0.20, 0.65 —0.023 —0.035, —0.011 0.40 —0.09, 0.90
Venular diameter 2.39 1.41,4.05 —0.012 —0.023, —0.001 -1.93 —=2.35, -1.52
1bd Arteriolar diameter 0.77 0.38,1.54 —0.021 —0.033, —0.009 0.50 0.00, 1.00
Venular diameter 2.06 1.11, 3.82 —0.012 —0.022, —0.001 -1.99 —2.41, —-1.57
2a‘ Arteriolar tortuosity 1.08 0.85,1.36 0.009 0.005, 0.013 —0.26 —0.44, —0.08
Venular tortuosity 0.92 0.56, 1.50 —0.034 —0.041, —0.027 —-0.39 —0.67, —0.10
2bd Arteriolar tortuosity 1.13 0.85,1.51 0.010 0.005, 0.014 —0.24 —0.42, —0.05
Venular tortuosity 1.02 0.66,1.58 —0.034 —0.041, —0.027 —-0.37 —0.66, —0.09

Abbreviations: CDR, cup-to-disc ratio; CI, confidence interval; IOP, intraocular pressure; OR, odds ratio.

2Per 10-pixel increase in diameter or 1-unit increase in tortuosity.
bSample size is for Model 1a.

“Each model run separately containing both the arteriolar and venular trait; models also adjusted for age, sex, race, income, BMI, systolic and diastolic blood pressure,
stroke, diabetes, smoking, alcohol and province; statistically significant results shown in bold.

dEach model run separately containing both the arteriolar and venular trait; models also adjusted for age, sex, race, income, BMI, systolic and diastolic blood pressure,
stroke, diabetes, smoking, alcohol, province, systemic steroid use, use of systemic anti-hypertensive therapy and use of ocular anti-hypertensive therapy.

TABLE 4 | Longitudinal associations between baseline retinal vessel traits and glaucoma outcomes adjusted for two sets of variables.

Development
of glaucoma
(n=20994)°¢ CDR change (n=18108) IOP change (n=19386)
Model? Vessel trait® OR 95% CI B 95% CI B 95% CI
la? Arteriolar diameter 1.74 0.56, 5.41 —-0.002 —0.009, 0.005 -0.20 —0.64,0.24
Venular diameter 1.12 0.46, 2.71 —0.005 —0.011, 0.001 —-0.71 -1.12,-0.31
1bP Arteriolar diameter 1.87 0.59, 5.94 —0.002 —0.009, 0.005 —-0.15 —0.60, 0.30
Venular diameter 1.25 0.50, 3.10 —0.005 —-0.011, 0.001 -0.73 —1.15, —0.32
2a? Arteriolar tortuosity 1.12 0.79, 1.58 0.001 —0.001, 0.003 —0.181 —0.36, —0.0
Venular tortuosity 0.52 0.31, 0.87 —0.006 —0.010, —0.002 -0.24 —0.50, 0.01
2bP Arteriolar tortuosity 1.21 0.85,1.72 0.001 —0.001, 0.003 —0.18 —0.35,0.01
Venular tortuosity 0.53 0.31, 0.91 —0.006 —0.011, —0.002 —-0.25 —0.51, 0.02

Abbreviations: CDR, cup-to-disc ratio; CI, confidence interval; IOP, intraocular pressure; OR, odds ratio.

2Each model runs separately containing both the arteriolar and venular trait; models also adjusted for age, sex, race, income, BMI, systolic and diastolic blood pressure,
stroke, diabetes, smoking, alcohol and province; change models also adjusted for baseline level of outcome; statistically significant results shown in bold.

bEach model ran separately containing both the arteriolar and venular trait; models also adjusted for age, sex, race, income, BMI, systolic and diastolic blood pressure,
stroke, diabetes, smoking, alcohol, province, systemic steroid use, use of systemic anti-hypertensive therapy, and use of ocular anti-hypertensive therapy. Per 10-pixel

increase in diameter or 1-unit increase in tortuosity.
cSample size is for Model 1a.

associated with the 3-year change in IOP (8=-0.71,95% CI: —1.12,
—0.31 and $=-0.18, 95% CI: —0.36, —0.01 in Models 1a and 2a,
respectively).

The cross-sectional and longitudinal adjusted associations be-
tween AMD and retinal vascular diameter and tortuosity are
shown in Table 5. Having wider arterioles was associated with a
lower odds of AMD at baseline (OR =0.19, 95% CI: 0.10, 0.37). By
contrast, wider venular diameter was associated with a higher
odds of both baseline AMD and the 3-year development of AMD
(OR=2.77,95% CI: 1.50, 5.15 and OR=4.15, 95% CI: 1.95, 8.82,

respectively). Arteriolar tortuosity was not associated with
AMD, while more tortuous retinal venules were strongly asso-
ciated with a lower odds of having AMD at baseline (OR=0.45,
95% CI: 0.29, 0.69) but not with the 3-year development of AMD
(OR=0.64, 95% CI: 0.37, 1.10).

4 | Discussion

We have identified many cross-sectional and some longitudinal
associations between retinal vessel traits and age-related eye
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TABLE 5 | Cross-sectional and 3-year longitudinal associations
between baseline retinal vessel traits and baseline AMD and the 3-year
development of AMD.

AMD at Development
baseline of AMD
Vessel (n=24000) (n=20854)
Model? trait? OR 95% CI OR 95% CI
1 Arteriolar 0.19 0.10,0.37 0.82 0.33,2.05
diameter
Venular 2.77 1.50,5.15 4.15 1.95,8.82
diameter
2 Arteriolar 0.96 0.75,1.22 1.23 0.85,1.78
tortuosity
Venular 0.45 0.29,0.69 0.64 0.37,1.10

tortuosity

Abbreviations: AMD, age-related macular degeneration; CI, confidence interval;
OR, odds ratio.

2Each model runs separately containing both the arteriolar and venular traits;
models also adjusted for age, sex, race, income, BMI, systolic and diastolic

blood pressure, stroke, diabetes, smoking, alcohol, and province; statistically
significant results shown in bold.

bPer 10 pixel increase in diameter or 1 unit increase in tortuosity.

disease. Sometimes, the cross-sectional and longitudinal associ-
ations were consistent, and other times they were not.

First, using cross-sectional data, arteriolar diameter was in-
versely associated with glaucoma and CDR. This is consistent
with most prior literature included in a systematic review and a
more recent study by Rudnicka et al. that reported that narrower
arterioles were associated with glaucoma [4, 23]. However, in
our study, the additional adjustment for IOP-lowering medica-
tion eliminated the cross-sectional association between arteri-
olar diameter and glaucoma. Furthermore, arteriolar diameter
was not associated with the 3-year development of glaucoma
or the 3-year change in CDR. To check if reverse causality was
in part causing the cross-sectional association, we examined
whether glaucoma at baseline was associated with the 3-year
narrowing of retinal arterioles, and indeed it was. Therefore,
the cross-sectional association that we found between arterio-
lar diameter and glaucoma may have only been due to reverse
causality. In other words, our data indicate that glaucoma (or
glaucoma treatment) causes arteriolar narrowing rather than
the other way around. The temporality of this is critical because
if vascular disruptions precede the development of eye disease,
treatments could target this to prevent the onset of eye disease.
To date, to our knowledge, only one longitudinal study has es-
tablished a statistically significant association between arterio-
lar diameter (central retinal arteriolar equivalent [CRAE]) and
the incidence of glaucoma [9]. This study did not adjust for IOP-
lowering medication. More longitudinal studies are needed to
disentangle the temporality of retinal vessel changes and the
onset of eye disease.

Evidence supporting a vascular pathogenesis of glaucoma and
also the potential for vascular changes to develop secondary to
glaucoma is discussed in a review [24]. In short, the vascular the-
ory of glaucoma proposes that low perfusion pressure, impaired

vascular autoregulation, and faulty neurovascular coupling may
cause glaucoma [24]. However, there is also evidence in humans
and animal models that the opposite is true: that glaucoma could
cause vascular abnormalities perhaps in part because glaucoma-
tous retinal ganglion cells may need reduced blood supply [24].
More longitudinal studies are necessary to disentangle the tem-
poral relationship between vessel abnormalities and glaucoma.

Venular diameter was positively associated with both baseline
AMD and the 3-year development of AMD. Most prior studies
in a recent systematic review have not found a statistically sig-
nificant association between vessel width and signs of AMD,
although three studies are consistent with our findings [25].
For example, Jeganathan et al. found in a cross-sectional study
that widened venular diameter was associated with early AMD
(OR=1.52, 95% CI: 1.11, 2.09) [26]. Liew et al. found in a longi-
tudinal study that wider venules were associated with the 10-
year development of RPE abnormalities (RR=1.1, 95% CI: 1.0,
1.3) [13]. Also, Wickremasinghe et al. found that wider venular
diameter was associated with worse response to bevacizumab
in patients with neovascular AMD [27]. By contrast, we found
that arteriolar diameter was negatively associated with baseline
AMD. This is consistent with findings from a systematic review
by Toulouie et al., where narrower CRAE was associated with
central geographic atrophy in eyes with AMD [28]. In addition,
several studies using optical coherence tomography angiogra-
phy have demonstrated an association between AMD and re-
duced vascular density [5]. Trinh et al. proposed that reduced
vascular density might be due in part to vessel thinning or con-
striction [29].

In addition to vessel diameter, we also examined tortuosity. We
found that venular tortuosity was negatively associated with
the 3-year development of glaucoma and change in CDR. This
is consistent with Wu et al. [30] and Koh et al. [31] who found
that less tortuosity (straighter vessels) was associated with glau-
coma and a thinner neuroretinal rim, respectively. We found
that increased venular tortuosity was also inversely associated
with baseline AMD. We are not aware of any prior studies that
examined tortuosity and AMD. Ischemic heart disease death
is also associated with straighter retinal vessels [32]. Witt et al.
proposed that reduced tortuosity may cause endothelial dys-
function and impairments in oxygenation in the microvascula-
ture [32].

Finally, we also examined the association between retinal vessel
traits and IOP and the 3-year change in IOP. There is evidence to
suggest that some topical hypotensive medications for glaucoma
treatment, particularly beta-blockers and marginally prosta-
glandin analogues, are associated with narrowing of the retinal
vessels [33, 34]. However, regarding the reverse direction, only
one previous study, to our knowledge, has assessed retinal vessel
traits and their longitudinal relation to change in IOP [35]. That
study found no longitudinal associations between retinal vessel
diameter and IOP change. However, it did show that increased
IOP at follow-up was associated with increased arteriolar tor-
tuosity, while higher IOP at baseline was associated with more
tortuous venules at follow-up. We were unable to replicate these
findings in our study and instead found that arteriolar tortuosity
was inversely associated with IOP and its 3-year change. This is
consistent with findings from a cross-sectional study conducted
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by Wu et al., who found that arteriolar tortuosity was lower in
eyes with higher IOP [30].

Strengths of this research include the use of a large, national,
longitudinal dataset with comprehensive physical exam and
questionnaire data, the use of a deep learning approach called
QUARTZ to provide retinal vessel data on the entire retina
rather than only the area around the optic disc, and the assess-
ment of multiple ocular outcomes. A limitation of this work is
that glaucoma and AMD were assessed by self-report of a doc-
tor's diagnosis, which is less valid than an eye exam or a medical
record. However, for glaucoma, we had supplementary data from
the retinal image and the physical exam such as CDR and IOP.
Our incidence rate of glaucoma is similar to what other studies
have found. The 3-year incidence of glaucoma in the CLSA was
2.1% (1.9% after complex survey design adjustment), which is
similar to what was reported in other studies with similar age
groups [36, 37]. The prevalence of AMD in the CLSA was 4.3%
(3.4% after complex survey design adjustment), which is a bit
higher than what participants of the Beaver Dam Eye Study self-
reported in 1991 (2.1%) [38]. With the self-report of AMD, it is dif-
ficult to know if people are referring to a diagnosis of late-stage
AMD, intermediate AMD, or a mix of both, so comparing to
prevalence rates using a clinical exam is difficult. Furthermore,
both glaucoma and AMD differ by race/ethnicity. Our popula-
tion is largely of a White, European ancestry background. Our
results may differ in populations with different ethnic back-
grounds. Another limitation is that we do not know in which eye
the person had glaucoma or AMD. Other analyses for CDR and
IOP were limited to right eye data only to match the eye used for
the retinal vessel traits. Furthermore, we lacked data on axial
length, so we were unable to convert pixels to microns. However,
we can provide a rough estimate of how many microns a pixel
equals in the CLSA. The average vertical optic disc diameter in
the CLSA was 418 pixels, while the average vertical optic disc
diameter in White people in Quigley et al. was 1820pum [39].
Therefore, 1 pixel equals approximately 4.35um. Finally, statisti-
cal power was reduced for our longitudinal analyses due to losses
to follow-up and a smaller number of incident versus prevalent
cases of glaucoma and AMD. Some people (15%) had unaccept-
able QUARTZ image quality scores and therefore were missing
from our analyses. This could have caused selection bias.

This work provides additional longitudinal analysis of the re-
lationship between retinal vessel traits and age-related eye dis-
ease. Our strongest and most consistent evidence is that wider
retinal venules are associated with AMD and that venular tor-
tuosity is associated with glaucoma and glaucoma-related traits.
Understanding how changes in the retinal microvasculature af-
fect the development of eye disease is crucial to improving treat-
ments and prevention strategies.
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