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PURPOSE. We investigated whether dietary carotenoids lutein and zeaxanthin (L/Z) in the
serum and macula were associated with central retinal arteriole and venule calibers in a
follow-up ancillary study among older women in the Women’s Health Initiative.
METHODS. Among 390 women who participated in Carotenoids in Age-Related Eye Disease
Study 2 (CAREDS2) (2016–2019), we investigated associations between serum L/Z at
Women’s Health Initiative baseline (1994–1998), and macular pigment optical density
(MPOD) at CAREDS baseline (2001–2004), with central retinal vessel caliber in CAREDS2.
MPOD was measured using heterochromatic flicker photometry (0.5° from the foveal
center) in CAREDS baseline and CAREDS2. Vessel calibers were measured from fundus
photographs (CAREDS2). We also explored associations in women with stable MPOD
(±0.10 optical density units) over 15 years (n = 106), given the long-term increases in
MPOD related to diet patterns and supplement use. Associations were investigated using
linear modeling.
RESULTS. In the full sample (n = 390), higher serum L/Z (tertile 3 vs. 1) was positively
associated with arteriole caliber (mean ± SE, 145.0 ± 1.4 μm vs. 140.8 ± 1.4 μm; P =
0.05) and venule caliber (214.6 ± 2.2 μm vs. 207.5 ± 2.2 μm; P = 0.03). MPOD was also
associated with wider vessel calibers (tertile 3 vs. 1), but the trend was only statistically
significant for venules (144.4 ± 1.4 μm vs. 141.1 ± 1.4 μm [P = 0.12] and 213.3 ± 2.1 μm
vs. 206.0 ± 2.1 μm [P = 0.02], respectively.) Most associations were strengthened in
women with stable MPOD over 15 years, including between MPOD and arteriole caliber
(149.8 ± 2.6 μm vs.135.8 ± 3.0 μm; P = 0.001).
CONCLUSIONS. Higher L/Z status in serum and retina was associated with larger central retinal vessel calibers. Prospective studies and clinical trials are needed to elucidate whether
L/Z supplementation prevents vision loss through increasing blood flow.
Keywords: lutein, macular pigment, retinal blood flow, retinal vessel caliber, nutrition

D

ietary carotenoids lutein and zeaxanthin (L/Z) have
been associated with better vision and lower risks
of age-related eye disease, especially for AMD.1,2 L/Z are
the only dietary carotenoids able to cross the blood–
retinal barrier and accumulate in the fovea to form macular
pigment. Macular pigment functions as an antioxidant and
as a filter from potentially harmful, short wavelength blue
light.3,4 In comparison with serum measures of L/Z, macular pigment optical density (MPOD) can be measured simply
and noninvasively in a clinical setting, and may provide a
more direct, stable, and cumulative measure of L/Z levels in
the eye over time. Some epidemiologic studies have shown

that higher levels of macular pigment may be protective
against AMD5–7 and there is emerging evidence that lower
levels of macular pigment are associated with primary open
angle glaucoma (POAG).8–10
Results from two recent studies indicate that greater
exposure to L/Z (measured in serum or consumed in dietary
supplements) may increase ocular perfusion to the retina
and the optic disc.11,12 This includes a cross-sectional study
of 128 elderly Singapore Chinese subjects11 in which higher
serum L/Z was associated with larger central retinal arteriole caliber and smaller retinal venule caliber, consistent with
greater ocular perfusion. Thus, L/Z may have applications
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FIGURE. Flowchart of CAREDS2 participants included in the analysis.

for preventing vision loss from age-related eye diseases
characterized by insufficient retinal blood flow, such as retinal vascular occlusion and glaucomatous optic neuropathy.13–17 However, these findings concerning measures of
L/Z and ocular perfusion require corroboration in an independent cohort.
In this study, we assessed the association between markers of L/Z exposure (including serum L/Z and MPOD) and
central retinal vessel caliber in the Carotenoids in AgeRelated Eye Disease Study (CAREDS), an observational study
of older, predominantly Caucasian women. CAREDS is an
ancillary study of postmenopausal U.S. women participating in the Women’s Health Initiative (WHI), a multicenter prospective cohort study. We hypothesized that participants in the highest versus lowest tertiles of serum L/Z (at
WHI baseline) and MPOD (at CAREDS baseline) would have
larger central retinal arteriole caliber and smaller central retinal venule caliber when measured over 15 years later in
CAREDS2.

METHODS
Study Design and Sample
CAREDS participants were recruited from three WHI study
sites: Iowa City, Iowa; Portland, Oregon; and Madison,
Wisconsin. A detailed description of the study design and
recruitment for the CAREDS baseline cohort has been
previously published.18 Of 2005 women who participated
in the CAREDS baseline study (2001–2004), 487 participants completed in-person study visits at follow-up in
CAREDS2 (2016–2019). A large proportion of participants
from CAREDS baseline were either deceased (35.5%), opted
to participate via questionnaires only (11.0%), were lost
to follow-up by the WHI or no longer consented in the
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WHI Extension study, (26.3%), or declined to participate in
CAREDS2 or could not be reached (11.5%). We excluded
participants who did not complete MPOD testing at CAREDS
baseline (n = 8) or fundus photographs at CAREDS2 followup (n = 44). We further excluded women with advanced
AMD (geographic atrophy or neovascular AMD) at CAREDS2
(n = 45) owing to concerns about the effect of macular
pathology on the normal accumulation of macular pigment,
and the effect of anti-VEGF treatment for neovascular AMD
on the diameter of small blood vessels in the retina. Eyes
from 390 women were included in the analysis (Fig.). This
study was approved by the University of Wisconsin-Madison
Health Sciences Institutional Review Board and conducted
in accordance with tenets of the Declaration of Helsinki.

Serum L/Z and MPOD
Serum L/Z was analyzed using blood samples obtained
at WHI baseline (1994–1998) with reverse phase HPLC as
described previously.19 MPOD was measured at MPOD was
measured at 0.5° from the foveal center relative to a 7°
reference measure in CAREDS baseline (2001–2004) and
CAREDS2 (2016–2019) using customized heterochromatic
flicker photometry (Macular Metrics LLC, Rehoboth, MA).
Customized heterochromatic flicker photometry is a validated and reliable psychophysical technique for the noninvasive measurement of MPOD.20,21 Densitometers used to
measure MPOD at CAREDS baseline were replaced for
CAREDS2 with similar devices, which required less participant time and had acceptable reliability. As previously
published, the test–retest reliability of the CAREDS baseline
device was assessed in an independent sample of middleaged and older adults at the University of Wisconsin21 (Pearson’s R = 0.90). The test–retest reliability for the CAREDS2
device was measured in a subsample of 57 CAREDS2
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participants with a best-corrected visual acuity of better than
20/60 (unpublished data, Pearson’s R = 0.69). In a comparison study of the CAREDS baseline and CAREDS2 densitometers (including 60 participants age 18–70 years), MPOD
(mean ± SE) did not statistically differ between devices (0.43
± 0.03 optical density units vs 0.46 ± 0.02 optical density
units, on older and newer devices, respectively).

Central Retinal Vessel Caliber
Central retinal vessel caliber was measured from digital
fundus photographs obtained in CAREDS2 (2016–2019). In
brief, 30° stereoscopic, color fundus photographs centered
on the optic disc were taken in each eye using a digital
retinal camera (Topcon TRC-DX50, Tokyo, Japan) following pupil dilation using 2.5% phenylephrine and 1%
tropicamide. A semiautomated, computer-assisted program
(University of Wisconsin-Madison, Madison, WI)22 was used
to quantitatively assess central retinal vessel caliber from all
arterioles and venules within 0.5 to 1.0 disc diameters from
the optic disc. The mean central retinal arteriole and central
retinal venule calibers were calculated using the Knudtson–
Parr–Hubbard formula.23 Measurements were taken from the
right eye only. If the right eye was ungradable, then measurements were taken from the left eye. All images were evaluated by a single certified grader ( J.K.) masked to participant
characteristics. Intergrader reliability in a random subset of
28 images was assessed by comparing the results to those
measured by an expert grader from the University of Wisconsin Fundus Photograph Reading Center ( J.W.P). The intraclass correlation coefficient was 0.96 for both central retinal
arteriole and venule calibers.

Assessment of Covariates
Key covariates considered for the analysis to minimize
extraneous variability include demographic characteristics
and physiologic factors that may influence retinal vessel
caliber. Covariate values were obtained from WHI and
CAREDS datasets, including data from both the WHI and
CAREDS study visits and WHI follow-up surveys. These
data sources included the WHI baseline study visit, WHI
Extension II, CAREDS baseline study visit, and CAREDS2
follow-up study visit. When data were available from multiple time points for an individual participant, the time point
closest to the CAREDS2 study visit was used. AMD status
was assessed via digital fundus images from CAREDS2
study visits (described elsewhere in this article), which
were graded and classified using the AREDS2 AMD severity
scale.24 The average peripapillary retinal nerve fiber layer
(RNFL) thickness was obtained at CAREDS2 study visits
using SD-OCT (Heidelberg Spectralis, Heidelberg Engineering, Heidelberg, Germany), completed by a certified
technician according to a University of Wisconsin Fundus
Photograph Reading Center-approved protocol.

Glaucoma Ascertainment
All participants with at least one glaucoma risk factor (i.e.,
self-reported glaucoma or medication use, intraocular pressure of ≥22 mm Hg, cup to disc ratio of ≥0.6, cup to
disc asymmetry of ≥0.2, disc notching, disc hemorrhage,
or RNFL thickness <5th percentile average or in any quadrant of either eye) underwent a detailed medical records
review, including clinic visit notes, previous OCT imaging

Downloaded from hwmaint.iovs.org on 01/29/2022

and visual fields, to assess for POAG. Participants with possible POAG, but without prior glaucomatous visual fields
and no recent visual field testing (≥1 year) were invited
to complete Humphrey visual field testing (SITA 24-2 algorithm, Carl Zeiss Meditec, Inc., Jena, Germany) in both
eyes. Glaucoma diagnoses (including both manifest and preperimetric POAG) were adjudicated via independent review
of clinical data and imaging by two fellowship-trained glaucoma specialists (Y.L. and C.T.) masked to participant data on
serum L/Z, MPOD, and retinal vessel caliber. Disagreements
regarding glaucoma diagnosis were then resolved through
repeat review and reaching a consensus between the two
glaucoma specialists. For six participants, insufficient data
were available to adjudicate the glaucoma outcome. Final
glaucoma status was successfully adjudicated for 384 of 390
participants included in the analysis.

Statistical Analysis
In the preliminary analysis, we examined the associations
between baseline measures of L status (exposures), as well
as retinal vessel calibers (outcomes), and vascular-related
covariates using linear and logistic regression with adjustment for age. Next, we investigated whether there was
evidence of potential for bias owing to loss to mortality or
participation. To investigate the possibility of survival bias
in our analysis, participants included in the analysis (n =
390) were compared with CAREDS participants who were
excluded from the analysis (n = 1615) in age-adjusted linear
models to understand baseline demographic factors, disease
conditions, and lifestyle factors that are related to survival
and participation in CAREDS2.
Multiple linear regression modeling was then used to
investigate the associations between serum L/Z, MPOD,
and central retinal vessel calibers, adjusted for age and
additional covariates. Linear regression models included
an age-adjusted model (model 1) and a covariate-adjusted
model (model 2) that includes additional vascular risk
factors, including smoking history (never, <7 pack- years,
or ≥7 pack-years), self-reported hypertension, self-reported
diabetes, systolic blood pressure, total cholesterol, and
waist circumference. Covariates were selected for adjustment
based on the biological plausibility for confounding and on
previously observed associations in the literature.25
We then stratified our results by MPOD stability between
CAREDS baseline and CAREDS2 because we observed
that average MPOD increased within individual participants between CAREDS baseline (2001–2004) and CAREDS2
(2016–2019) by an average of 0.14 optical density units. This
observation may reflect changes in diet or the increased
use of L/Z supplements (unpublished data [Lawler, T,
manuscript in preparation]). Stable MPOD was defined as a
change in MPOD within 0.10 optical density units between
CAREDS baseline and CARED2 follow-up. (Serum L/Z was
not measured at CAREDS2, and hence stability of serum L/Z
was not assessed.) Statistical significance was set at a threshold of P ≤ .05, for a comparison of tertile 3 versus 1.
All analyses were performed using SAS version 9.4 (SAS
Inc. Cary, NC).

RESULTS
The study sample of 390 participants from CAREDS2 was
composed of older women with an average age of 80.3 years
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at CAREDS2 follow-up visits (range, 69–98 years) and
primarily White (97.7%) (Table 1). Participants included in
the analysis were significantly younger at CAREDS baseline than the 1615 CAREDS participants not included in
the analysis (P < 0.001) (Supplementary Table S1), had
greater educational attainment, and lower levels of other
mortality-related covariates, including a lower body mass
index, waist circumference, and prevalence of diabetes (P
< 0.05). Women included in the analysis also had higher
MPOD at CAREDS baseline (P = 0.12) and higher serum
L/Z (P < 0.001).
The relationships between participant characteristics and
baseline markers of L/Z in the serum and MPOD (Table 1)
were generally similar. Higher serum L/Z at WHI baseline
(1994–1998) was associated with non-White race/ethnicity,
higher education level, greater consumption of dietary L/Z,
and higher total cholesterol (P < 0.05). Lower serum L/Z
was associated with a longer smoking history, self-reported
hypertension, self-reported cardiovascular disease, higher
body mass index, and greater waist circumference. There
was a trend towards an inverse relationship between serum
L/Z and early/intermediate macular degeneration (P =
0.10). A higher MPOD at CAREDS baseline (2001–2004)
was associated with a higher education level and a higher
dietary L/Z intake. A lower MPOD was associated with a
greater waist circumference and a higher body mass index.
Neither serum L/Z nor MPOD were strongly associated with
age, self-reported diabetes, or systolic or diastolic blood
pressure.
The mean calibers of central arterioles and venules were
142.5 ± 16.0 and 210.2 ± 24.6 (mean ± standard deviation), respectively. Larger central retinal arteriole caliber
was associated with younger age, higher educational level,
longer smoking history, and higher total cholesterol (Table
2). Notably, larger central retinal arteriole caliber was also
associated with a lower prevalence of POAG (P = 0.02) and
higher average peripapillary RNFL thickness (P < 0.001).
Similar findings were observed for central retinal venule
caliber, with the exception of the association with age. In
addition, larger central retinal venule caliber was associated with lower systolic blood pressure. A similar trend was
observed for larger central retinal arteriole caliber (P = .07).
Higher serum L/Z was significantly associated with larger
central retinal arteriole caliber in the full sample (n = 390),
after age adjustment (model 1; P = 0.04) and after adjustment for additional covariates (model 2; P = 0.05) (Table
3). This association was also observed in the subgroup with
stable MPOD after age adjustment (model 1; P = 0.02), but
was no longer significant after adjustment for additional
covariates (model 2; P = 0.21). Higher serum L/Z was associated with larger central retinal venule caliber in the full
sample after age adjustment (model 1; P = 0.01) and in the
subgroup with stable MPOD (model 1; P < 0.001). The associations remained statistically significant after adjustment
for additional covariates (model 2; P = 0.03 and P = 0.01,
respectively).
A higher MPOD was associated with larger central retinal arteriole caliber in the subgroup with stable MPOD for
both age-adjusted and additional covariate-adjusted models
(model 1, P = 0.01; model 2, P < 0.001), but these associations were not found in the full sample (model 1, P = 0.21;
model 2, P = 0.12) (Table 4). A higher MPOD was associated
with larger central retinal venule caliber in the age-adjusted
model (model 1, P = 0.02) in the full sample, and in the
subgroup with stable MPOD (model 1, P < 0.001). These
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relationships remained significant after adjusting for additional covariates (model 2, P = 0.02 and P < 0.001, respectively).

DISCUSSION
In this observational cohort study, markers of greater L/Z
exposure (including serum L/Z and MPOD) were associated with both larger central retinal arteriole and venule
caliber. These associations were most consistently observed
in participants with relatively stable MPOD over 15 years
(indicating stable consumption of L/Z from diet and supplements), which may increase confidence in the validity of
these results. To our knowledge, this study is the first to
report these relationships between MPOD and central retinal vessel caliber.
Our results for retinal arteriole caliber are consistent with
a recent cross-sectional study by Kumari et al.,11 which
demonstrated an association between higher serum L/Z and
larger central retinal arteriole caliber among elderly Singaporean Chinese men and women. In contrast with this prior
study, however, we found that higher serum L/Z (and MPOD)
was associated with larger, rather than smaller, central retinal
venule caliber. This finding was surprising, because previous studies have shown that larger central retinal venule
caliber may be indicative of poor retinal vessel health,
reflecting higher levels of systemic inflammatory markers
(e.g., C-reactive protein and IL-6), obesity, smoking, diabetes,
elevated blood pressure, and dyslipidemia.25 In our study,
however, greater central retinal venule caliber was associated with younger age, as well as lower systolic blood
pressure, and lower likelihood of self-reported hypertension
and diabetes. Kumari et al.11 adjusted for the fellow retinal
vessel caliber (i.e., adjusted for venule caliber in models for
arteriole caliber and vice versa) in their statistical models,
which may have contributed to the discrepancy between our
results. We opted not to adjust for fellow retinal vessel caliber
owing to the extremely high correlation between arteriole
and venule caliber (Pearson’s R = 0.68), which may make it
difficult to disentangle independent effects. Further, we do
not think that the proposed association is consistent with
confounding by the fellow vessel caliber, because the fellow
vessel caliber is not expected to influence the exposures of
interest in our model. This finding is consistent with other
recent studies of modifiable exposures (e.g., nutrients in diet
or bloodstream) and retinal vessel outcomes.26–28
Although this observational study was not designed to
identify a causal relationship between L/Z exposure and retinal vessel caliber, our findings support increasing evidence
that carotenoids L/Z may have a role in modulating ocular
blood flow,11,12 in addition to their well-known antioxidant
properties in the macula of the retina.3,29 Although speculative, it is plausible that increased ocular blood flow may
contribute to the protective associations observed for L/Z
and macular pigment in observational studies, including
protective associations observed for AMD.6,7,30 Higher levels
of L/Z in the diet31 and macular pigment8–10 are also associated with decreased odds of glaucoma diagnosis in epidemiologic studies (although not all studies have found a protective association32 ). The nature of this association is not wellunderstood, but could plausibly be mediated by differences
in ocular perfusion with greater exposure to L/Z; a growing and consistent body of epidemiologic evidence indicates
that decreased ocular blood flow may play a role in glaucoma pathogenesis.14,16,17,33–36
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0.0
100.0
Ptrend = .57

80.0 ± 0.5
Ptrend = .12

15.0

29.8

56.5

154.3 ± 7.22

223.9 ± 3.2

27.4 ± 0.5

36.2 ± 0.5

73.7 ± 0.9

134.6 ± 1.7

94.1 ± 1.3

7.6

44.9

3037 ± 182

57.3
22.2
20.5

10.1
48.2
41.7

96.6
3.4

80.2 ± 0.5

* Participant reports having at least one of the following conditions or procedures: cardiovascular disease, myocardial infarction, angina, cardiac arrest, cardiac catheterization, coronary
angioplasty, coronary bypass surgery, stroke, transient ischemic attack, deep vein thrombosis or peripheral artery disease.
Values are mean ± SE or percentage, age adjusted.

65.4

Self-reported hypertension -WHI Extension II

2

215.5 ± 3.2

36.2 ± 0.5

Waist circumference - CAREDS2 (inches)

Total cholesterol -WHI baseline (mg/dL)

75.1 ± 0.9

Diastolic blood pressure - CAREDS2 (mm Hg)

26.9 ± 0.5

139.3 ± 1.7

Systolic blood pressure - CAREDS2 (mm Hg)

Body mass index - CAREDS2 (kg/m )

85.2 ± 1.3

16.1

POAG - CAREDS2

Average peripapillary RNFL thickness - CAREDS2 (μm)

50.9

Early/intermediate macular degeneration - CAREDS2

2624 ± 182

13.4
48.8
37.8

Education level
High school graduate or less
College or vocational training
Post college

Dietary L/Z – CAREDS baseline (μg/d)

97.9
2.1

79.5 ± 0.5

80.7 ± 0.5

80.0 ± 0.4
Ptrend = .01

Tertile 3
(148.4–211.5)

81.4 ± 0.5

Tertile 2
(135.3–148.1)

Tertile 1
(95.8–135.2)

Race/ethnicity
White (Non-Hispanic)
Non-White

Age (years)

Variable

Central Retinal Arteriole Caliber (um) CAREDS2 (2016–2019)

Tertile 2
(199.7–219.6)

Tertile 1
(148.1–199.6)

Tertile 3
(219.7–285.5)

Central Retinal Venule Caliber (µm) CAREDS2 (2016–2019)

TABLE 2. Participant Characteristics by Tertile of Central Retinal Arteriole and Venule Caliber in CAREDS2 Among Participants With Gradable Retinal Photographs (n = 390)*
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TABLE 3. Retinal Vessel Caliber in CAREDS2 by Tertile of Serum L and Z at WHI Baseline (1994–1998) Among Participants With Gradable
Retinal Photographs (n = 390)
Serum L/Z (µmol/L) WHI Baseline (1994–1998)

Central retinal artery equivalents (μm)
All participants
MPOD stability* over 15 years
MPOD decrease
MPOD stable
MPOD increase
Central retinal venous equivalents (μm)
All participants
MPOD stability over 15 years
MPOD decrease
MPOD stable
MPOD increase

n

Tertile 1
(0.06–0.25)

Tertile 2
(0.25–0.38)

Tertile 3
(0.38–1.14)

β ± SE, P Value†
Tertile 3 vs. T1

390

140.8 ± 1.4

141.8 ± 1.4

145.0 ± 1.4

4.2 ± 2.1, P = .05

48
106
210

139.2 ± 5.0
143.6 ± 2.5
141.7 ± 1.9

150.5 ± 4.4
137.4 ± 2.9
142.5 ± 1.8

145.3 ± 3.7
148.5 ± 2.8
142.9 ± 1.9

6.0 ± 6.5, P = .36
5.0 ± 3.9, P = .21
1.2 ± 2.8, P = .67

390

207.5 ± 2.2

208.7 ± 2.1

214.6 ± 2.2

7.1 ± 3.2, P = .03

48
106
210

202.8 ± 6.6
208.4 ± 3.7
210.4 ± 3.0

222.8 ± 5.8
205.5 ± 4.2
208.9 ± 3.0

210.1 ± 4.8
223.5 ± 4.1
210.5 ± 3.1

7.2 ± 8.5, P = .40
15.1 ± 5.7, P = .01
0.1 ± 4.5, P = .98

* MPOD decrease of >0.10 ODU, stable within 0.10 ODU, or increase of >0.10 ODU between CAREDS baseline (2001–2004) and CAREDS2
(2016–2019).
†P
trend adjusted for age, smoking pack-years (never smoker, <7, or ≥7 pack-years), self-reported hypertension, self-reported diabetes,
total cholesterol, systolic blood pressure, and waist circumference.

TABLE 4. Retinal Vessel Caliber by Tertile of MPOD at Carotenoids in CAREDS Baseline Visits (2001–2004), in 390 Participants With Gradable
Retinal Photographs From CAREDS2 Follow-up Visits (2016–2019)
MPOD (ODU) CAREDS Baseline (2001–2004)

Central retinal artery equivalents (μm)
All participants
MPOD stability over 15 years
MPOD decrease*
MPOD stable†
MPOD increase‡
Central retinal venous equivalents (μm)
All participants
MPOD stability over 15 years
MPOD decrease*
MPOD stable†
MPOD increase‡

n

Tertile 1
(0.00–0.29)

Tertile 2
(0.29–0.48)

Tertile 3
(0.48–1.00)

β ± SE, P Value†
Tertile 3 vs. T1

390

141.4 ± 1.4

142 ± 1.4

144.4 ± 1.4

3.1 ± 2.0, P = 0.12

48
106
210

154.1 ± 7.7
135.8 ± 3.0
142.4 ± 1.7

143.5 ± 4.2
142.6 ± 2.6
142.5 ± 1.8

144.9 ± 3.2
149.8 ± 2.6
142.2 ± 2.1

–9.2 ± 8.4, P = 0.28
14.0 ± 4.1, P = 0.001
–0.2 ± 2.7, P = 0.95

390

206.0 ± 2.1

211.6 ± 2.1

213.3 ± 2.1

7.3 ± 3.0, P = 0.02

48
106
210

218.4 ± 10.4
197.2 ± 4.1
207.8 ± 2.6

215.2 ± 5.6
210.2 ± 3.6
213.9 ± 2.9

209.0 ± 4.3
225.9 ± 3.6
207.8 ± 3.4

–9.4 ± 11.3, P = 0.41
28.8 ± 5.7, P < 0.001
0.0 ± 4.3, P = 0.99

†P
trend adjusted for age, smoking pack-years (never smoker, <7, or ≥7 pack-years), self-reported hypertension, self-reported diabetes,
total cholesterol, systolic blood pressure, and waist circumference.
MPOD decrease of >0.10 ODU, stable within 0.10 ODU or increase of >0.10 ODU between CAREDS baseline (2001–2004) and CAREDS2
(2016–2019).
Values are mean ± SE.

In the Blue Mountain Eye Study, a central retinal arteriole caliber one standard deviation below the mean was
associated with a 77% increased risk for open-angle glaucoma over 10 years.14 Another study found that multiple
measures of decreased optic disc perfusion were associated with a greater loss of visual field and more extensive
glaucoma-related structural damage.33 Other studies have
shown that decreased optic disc perfusion is associated with
structural and functional progression of glaucoma, including
cupping of the optic disc and progressive loss of the visual
field.16,17 Consistent with these earlier findings, we observed
that a larger arteriole and venule caliber were associated
with lower likelihood of POAG and greater average peripapillary RNFL thickness.
The precise mechanisms by which L/Z may modulate
ocular blood flow are not known and were not inves-
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tigated in this study. However, it has been noted that
L/Z may have cardiovascular protective effects, including
modestly decreasing systemic blood pressure,12,37,38 inhibiting processes implicated in the development of atherosclerosis (e.g., oxidation of low-density lipoprotein particles),39–42
and increasing vasodilation through the production of nitric
oxide in the vascular endothelium.43 These cardiovascular
effects have all been associated with central retinal arteriole
caliber in epidemiologic studies.44–50
Strengths of our study include the use of MPOD as a
key exposure variable, because MPOD may reflect cumulative exposure to serum L/Z and does not fluctuate in the
short term.51 Customized heterochromatic flicker photometry is a valid and reproducible approach for MPOD measurement, and the test–retest reliability of MPOD testing at
CAREDS baseline was high (Pearson’s R = 0.90).21 Additional

IOVS | July 2021 | Vol. 62 | No. 9 | Article 20 | 8

Macular Carotenoids and Retinal Vessel Caliber
strengths include the quantitative assessment of central
retinal vessel caliber using a standardized, reproducible
protocol, as well as the separate reporting of central retinal arteriole and venule caliber, rather than arteriovenous
ratio. Our approach aligns with recommendations to avoid
ratio measures for assessment of retinal vessels,52 that may
obscure, rather than illuminate important trends when both
central retinal arteriole and venule caliber may be affected
simultaneously by the exposure variable.
Our study has several limitations. Results from a cohort
of older, predominantly White women may not be generalizable to younger, male, or non-White populations. Survival
and participation bias in this older cohort may also have
affected the results, limiting the generalizability, because the
women included in the analysis were younger, metabolically
healthier, and had higher levels of serum L/Z and MPOD
than women who were excluded (Supplementary Table S1).
In addition, only one measure of serum L/Z was available
from the WHI baseline visit (1994–1998). Serum L/Z can
fluctuate depending on recent diet, and hence may have
resulted in underestimation of the strength of the association
between serum L/Z and retinal vessel caliber. Retinal vessel
caliber is only a crude measure of ocular blood flow, and
future studies may benefit from more sophisticated measures
of ocular blood flow obtained via OCT angiography. Looking
at the associations in subgroups defined by MPOD stability may have increased risk for a type 1 error. Finally, as
with all epidemiologic studies, the observed associations
could also result from residual confounding, as MPOD (and
serum L/Z) reflect broad overall dietary patterns, exposure
to multiple nutrients and phytonutrients, and metabolic risk
factors18 that can influence retinal vessel caliber. For example, dietary nitrate (found predominantly in green leafy
vegetables, which are also the primary dietary source of L/Z)
is a vasodilator53,54 and is associated with increased retinal
vessel caliber.49,50
In summary, we identified associations between serum
L/Z and MPOD with larger retinal vessel caliber over 15 years
among older women. Future prospective studies may help
elucidate whether dietary supplementation with L/Z may
prevent vision loss from age-related eye diseases through
increasing ocular blood flow.
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