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Dietary carotenoids and cognitive function
among US adults, NHANES 2011-2014

Krista Christensen ©*, Carey E. Gleason®34, Julie A. Mares®

'Department of Ophthalmology and Visual Sciences, University of Wisconsin, 610 N. Walnut Street, 1069 WARF
Building, Madison, WI 53726, USA, *Division of Geriatrics and Gerontology, Department of Medicine,
University of Wisconsin School of Medicine and Public Health, Madison, WI, USA, *Geriatric Research,
Education and Clinical Center (11G), William S. Middleton Memorial Veterans Hospital, Madison, WI, USA,
“Wisconsin Alzheimer’s Disease Research Center, Madison, WI, USA

Objectives: Dietary carotenoids may limit neuronal damage from free radicals, potentially serving as a
modifiable risk factor for cognitive decline. We examined intake of lutein and zeaxanthin (L and Z) in
relation to cognitive performance among 2011-2014 National Health and Nutrition Examination Survey
participants aged =60 years.

Methods: L and Z intake from foods and supplements was estimated from two non-consecutive 24-hour diet
recalls. Outcomes included the CERAD Word Learning sub-test score, Animal Fluency test score, and Digit
Symbol Substitution test score. Regression models were adjusted for survey design variables, year, sex, age,
race/ethnicity, body mass index, family income, education, alcohol, and smoking.

Results: Among the 2796 participants, higher dietary intake of L and Z was associated with higher score on
each test. For example, the highest quartile of L and Z intake was associated with a 2.52 point increase
(SE=0.86 points, P=0.01) on the digit symbol score test, compared with the lowest quartile. There were
differences by race/ethnicity, with positive associations generally stronger for Black compared to white
participants.

Discussion: Further research from longitudinal studies is needed, but increasing L and Z intake may help to
prevent or slow cognitive decline.

Keywords: Lutein, Zeaxanthin, NHANES, Cognition

Introduction

Age-related cognitive decline and dementia are
common — but not inevitable — consequences of
aging and increasing lifespans. Based on numerous

lifespan, and in the clinical setting, measurement of
dietary carotenoid status could serve as a marker for
risk of cognitive decline.

failed treatment trials, current approaches are to inter-
vene early to modify or prevent progressive cognitive
impairment through lifestyle and other interventions.
The pathophysiology of cognitive decline is complex
and involves multiple (potentially overlapping) mech-
anisms, one of which is oxidative and inflammatory
injury."”” Consequently, a modifiable risk factor for
cognitive decline may be insufficient intake of
dietary antioxidants. Antioxidants may limit damage
caused by free radicals, prevalence of which increases
with age, and thus prevent or slow cognitive decline
due to the damaging effects of free radicals on
neurons.® Increasing dietary intake of antioxidants
may represent a simple and cost-effective way for indi-
viduals to protect cognitive health throughout the
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Lutein and zeaxanthin (L and Z) are two dietary
carotenoids which accumulate in the brain,”!° and
intake and circulating levels of L and Z have previously
been studied in relation to cognitive function (e.g.''®)
As summarized in recent reviews,' 2 results from both
observational and intervention studies show that
higher levels of L and Z measured in the brain, diet,
serum, and eye (as macular pigment) have been posi-
tively associated with multiple measures of cognitive
function. Perhaps the most direct evaluation of L and
Z in the brain and association with cognitive function
comes from a 2013 study by Johnson et al. which
looked at concentrations of carotenoids, alpha-toco-
pherol, and retinol in brain tissue of centenarians.'®
In this group, lutein was consistently associated with
better performance on both global and domain-specific
(executive function, language, learning, and memory)
measures; there were fewer associations seen for beta-
carotene or alpha-tocopherol and a negative
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association with retinol. Serum L and Z were also
reported to be associated with improved cognition in
a larger subset of the same study, along with serum
beta-carotene, suggesting the importance of these caro-
tenoids to cognition across multiple domains. This was
a cross-section evaluation, but further evidence from
the same research team showed in a small randomized
trial, that supplementation with 12 mg/day of L led to
an improvement in verbal fluency scores.”’ Among
women who received a supplement containing both L
and 800mg of docosahexaenoic acid (DHA),
memory scores and learning speed were also improved
after the four-month trial (these improvements were
not seen for women receiving DHA alone). Although
these small studies provide compelling evidence for
the role of L and Z in cognitive function, there is not
an up-to-date population-based study of the associ-
ation in older adults.

L and Z may impact cognitive function through
their general antioxidant and anti-inflammatory
action,”? or may act more specifically in the neural
system, for example by increasing neural efficiency®***
or neural membrane stability.>> However, the under-
lying mechanisms remain unclear, as are potential
differences in associations of L and Z from diet
versus supplements. Furthermore, associations by
race/ethnicity and other individual characteristics are
not well-described.

The objective of this analysis is to examine cross-
sectional associations between dietary and supplement
intake of L and Z in relation to cognitive performance
among a nationally representative sample of US older
adults.

Material and methods

Design

The National Health and Nutrition Examination
Survey (NHANES) is a cross-sectional survey, designed
to provide a representative sample of the US non-insti-
tutionalized civilian population.”® For these analyses,
the two cycles with information on L and Z intake as
well as cognitive performance measures, were used
(2011/2012, 2013/2014) to conduct a cross-sectional
analysis in the combined set of participants. L and Z
were measured in serum in certain NHANES cycles
(2003-2006) but unfortunately these do not overlap
with the cycles where cognitive performance was evalu-
ated and thus could not be used as additional measures
of L and Z status. All NHANES protocols were
approved by the CDC’s National Center for Health
Statistics Ethics Review Board, and all survey partici-
pants provided written informed consent.

Lutein and zeaxanthin in diet and supplements
In each NHANES cycle, participants provided
detailed dictary intake information for two 24-hour
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periods, which are then used to estimate intakes of
energy, nutrients, and other food components. The
first dietary recall was collected in-person during the
NHANES visit, while the second was collected by tel-
ephone 3 to 10 days later. For these analyses, total esti-
mated dietary L and Z intake (micrograms, ug), was
averaged over the two recall periods (if only the first
day was available, that value was used instead of an
average). Participants were also queried about sup-
plement use for the same two 24-hour periods; L
and Z intake from supplements was also averaged
over two days if available. Total L and Z intake was
calculated as the sum of dietary and supplement
intake.

Cognitive outcomes

For 2011-2014, cognitive testing was performed for
participants aged 60 years and older.>”?® Assessments
were performed by trained interviewers during the in-
person interview at the Mobile Examination Center.
There were three tests administered: the CERAD
Word Learning sub-test (CERAD W-L) to assess
immediate and delayed recall of new verbal information
(memory sub-domain); the Animal Fluency test to
assess categorical verbal fluency (component of execu-
tive function); and the Digit Symbol Substitution Test
(DSST) to assess processing speed, sustained attention,
and working memory. The CERAD test consists of
three consecutive learning trials as well as a delayed
recall; consequently, results are presented as three indi-
vidual trial scores ranging from 0 to 10, a total score
across all three trials ranging from O to 30, and one
delayed recall score ranging from 0 to 10. Although no
upper limit exists, practically, the Animal Fluency test
score ranges from 3 to 39, and the digit symbol score
ranges from 0 to 105.

Statistical analysis

The analyses presented here include a pooled sample
of all individuals aged 60 years or older in each of
the two survey cycles, with completed cognitive per-
formance test results, dietary L and Z intake infor-
mation, and information on important confounders
(age, sex, race/ethnicity, smoking, educational attain-
ment). Of the 3632 participants aged 60 years and
older, 2796 had complete data and comprise the analy-
sis dataset. Participants who were included in the
analysis tended to be younger (e.g. 16.5% were aged
80 years or older, compared with 30.3% of those not
included), more likely to be non-Hispanic white, to
be former rather than current smokers, and to be
more highly educated (e.g. 22.8% had a college
degree or greater, compared with 15.3% of those not
included). There was no difference in average dietary
intake of lutein and zeaxanthin, but differences in
the included versus not included participants does



mean that results may not be generalizable to all popu-
lation groups.

All data analysis was performed using SAS/STAT
software version 9.4'. Regression models were used
to identify associations between L and Z intake (in
quartiles and over the continuous range of intake
levels and cognitive measures, controlling for survey
cycle. Covariates considered include several demo-
graphic characteristics: sex, age (years), race/ethnicity,
body mass index (BMI), family income (poverty
income ratio, PIR), educational attainment (less than
a high school education, some high school, high
school graduate/GED, some college or associate’s
degree, college graduate or more), alcohol intake
(non-drinker, 1 to <5 drinks/month, 5 to <10
drinks/month, or 10+ drinks/month), and smoking
status (current, former, or never smoker). We also
evaluated food intake of certain other dietary factors
as potential covariates — other carotenoids (alpha-car-
otene, beta-carotene, beta-cryptoxanthin, lycopene),
choline, and docosahexaenoic acid (DHA) and eicosa-
pentaenoic acid (EPA), based upon (1) potential for
high correlation with L and Z and (2) previous evi-
dence for associations between these substances and
cognition. Dietary, supplement, and total L and Z
intake were evaluated as both continuous and categ-
orical (quartiles) variables.

Due to the skewed and truncated distribution of the
cognitive scores, ordinal logistic regression models
(SURVEYLOGISTIC procedure) were used to evalu-
ate associations with CERAD W-L individual trial
and delayed recall scores (range: 0-10) while linear
regression models (SURVEYREG procedure) were
used to evaluate associations with CERAD W-L
total score (range: 0-30), Animal Fluency score
(range: 0-39) and DSST score (range: 0-105). All stat-
istical analyses were adjusted for survey design and
weighting variables.

We performed additional sensitivity analyses. First,
analyses were repeated removing those who reported
supplement use to determine relationships with
dietary L and Z alone. Second, we also repeated ana-
lyses restricting to participants who did not self-report
cognitive issues on the medical conditions question-
naire (that is, did not answer yes to ‘difficulties in
thinking or remembering’ or to ‘ever told you had a
stroke,” and did not report having trouble remember-
ing more than once in the past 7 days. Finally, we eval-
uated associations among non-Hispanic white and
non-Hispanic Black participants separately, to evalu-
ate potential differences by race/ethnicity.

TSAS/STAT software, Version 9.3 of the SAS System for Windows.
Copyright © 2013 Institute Inc. SAS and all other SAS Institute Inc.
product or service names are registered trademarks or trademarks of
SAS Institute Inc., Cary, NC, USA
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Results

Across the two NHANES cycles, there are 2796
participants who had information on cognitive per-
formance and dietary L and Z intake (some missing
supplement intake), and who had information on
important covariates (sex, age, race/ethnicity,
smoking, education). Characteristics of the study
population are shown in Table 1. Participants
were relatively evenly split across NHANES cycles
and gender; the majority (56%) were 60—-69 years
old at the time of the NHANES exam. The
majority self-reported non-Hispanic white (nearly
80%) race/ethnicity, with the next largest pro-
portion self-reporting non-Hispanic Black (8.4%).
About one-quarter were of underweight or normal
BMI while about a third were overweight and a
third obese. Most were moderate drinkers and
never or former smokers. About half of participants
had at least a high school education. There were no
notable differences between all NHANES partici-
pants aged 60 years and older in 2011-2014, and
those with the information needed to be included
in this analysis; one exception was that those
included in the analysis were slightly younger (e.g.
56% were aged 60-69 years, compared to 53%
overall) (Table 1). With respect to L and Z, the
median total intake was 1046 ug/day (25th, 75th
percentiles: 567, 1950 ug/day), similar to previous
reports of 1-2mg/day in the American popu-
lation.”” There was no correlation between dietary
intakes of L and Z with either DHA or EPA
(weighted Pearson correlation coefficients of 0.03
(P-value=0.14) and 0.01 (P=0.45), respectively).
However, dietary intake of L and Z was associated
with dietary intake of alpha-carotene and beta-car-
otene, and choline (correlation coefficients of 0.85,
0.91, and 0.16; P<0.0001 for all). Thus, in a sensi-
tivity analyses, we included dietary intake of these
two carotenoids and choline in regression modeling.

The median CERAD score across three recall trials
(maximum 30) was 19.6, while the median animal
fluency test and digit symbol scores were 17.4 and
52.7, respectively. Mean cognitive scores were typical
of a cognitively healthy population.3*!

Unweighted Spearman correlation coefficients
showed significant associations between all cognitive
measures, with (1) dietary L and Z intake, (2) sup-
plementary L and Z intake, and (3) total L and Z
intake (dietary plus supplementary). Cognitive per-
formance was positively associated with dietary and
total L and Z intake using Kruskal-Wallis tests of
association, but no difference was seen across quartiles
of supplementary L/Z intake (Table 2). Multivariate
logistic regression models for individual CERAD W-
L scores showed small significant associations for
higher score with dietary and total L and Z as

Nutritional Neuroscience 2018
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Table 1 Characteristics of NHANES participants, 2011-2014
All NHANES participants aged >60 years NHANES participants included in this analysis
(n=3632) (n=2796)
Characteristic N (SD) Percent (SE) N (SD) Percent (SE)
Total 59,659,564 (SD=3,326,722) 100 (--) 51,418,258 (SD=3,112,950) 100 (--)
NHANES cycle
2011-2012 28,921,337 (SD=2,695,469) 48.48 (SE=2.82) 24,651,382 (SD=2,557,726) 47.94 (SE=3.07)
2013-2014 30,738,226 (SD=1,949,750) 51.52 (SE=2.82) 26,766,876 (SD=1,774,400) 52.06 (SE=3.07)
Age group
60-69 years 31,835,457 (SD=2,093,055) 53.36 (SE=1.31) 28,811,686 (SD=2,041,591) 56.03 (SE=1.34)
70-79 years 17,543,119 (SD=1,089,446) 29.41 (SE=1.05) 15,187,589 (SD=974,756) 29.54 (SE=1.13)
80+ years 10,280,989 (SD=718,559) 17.23 (SE=0.91) 7,418,982 (SD=578,975) 14.43 (SE=0.84)
Sex
Male 26,890,724 (SD=1,728,902) 45.07 (SE=0.82) 23,835,553 (SD=1,711,599) 46.36 (SE=1.05)
Female 32,768,839 (SD=1,722,195) 54.93 (SE=0.82) 27,582,704 (SD=1,559,967) 53.64 (SE=1.05)

Race/ethnicity
Non-Hispanic white
Non-Hispanic Black
Mexican American
Other Hispanic
Other/multiracial

BMI
Underweight (<18.5)
Normal (18.5 to <25)
Overweight (25 to <30)
Obese (30 or greater)

Alcohol intake
Non-drinker
1 to <5 drinks/month
5 to <10 drinks/month
10+ drinks/month

Smoking status
Current smoker
Former smoker
Never smoker

Educational attainment
Less than 9th grade
9-11th grade (12th grade

with no diploma)
High school graduate/
GED
Some college or AA
College graduate or
above

46,147,370 (SD=3,641,818)
5,400,977 (SD=513,354)
2,288,482 (SD=441,207)
2,324,583 (SD=411,194)
3,498,153 (SD=419,150)

922,549 (SD=162,030)

14,811,476 (SD=1,104,420)
21,083,463 (SD=1,408,924)
21,625,514 (SD=1,345,036)

13,713,712 (SD=983,059)
33,415,576 (SD=2,226,874)
1,099,924 (SD=197,101)
230,553 (SD=111,533)

6,710,553 (SD=564,833)
23,161,737 (SD=1,656,639)
29,757,190 (SD=1,684,224)

4,756,957 (SD=386,408)
6,465,144 (SD=787,744)

13,220,857 (SD=1,185,853)

18,005,197 (SD=1,450,788)
17,150,944 (SD=1,409,430)

77.35 (SE=1.97)
9.05 (SE=1.2)
3.84 (SE=0.81)
3.9 (SE=0.73)
5.86 (SE=0.69)

1.58 (SE=0.29)
25.34 (SE=1.15)
36.08 (SE=1.08)
37.00 (SE=1.3)

28.3 (SE=1.5)
68.96 (SE=1.59)
2.27 (SE=0.41)
0.48 (SE=0.23)

11.25 (SE=0.69)
38.84 (SE=1.35)
49.9 (SE=1.37)

7.97 (SE=0.82)
10.84 (SE=1.14)

22.16 (SE=1.37)

30.18 (SE=1.27)
28.75 (SE=1.94)

41,063,971 (SD=3,345,615)
4,317,830 (SD=451,111)
1,737,624 (SD=336,941)
1,870,422 (SD=299,131)
2,428,410 (SD=350,674)

—~ o~ o~ —~

669,236 (SD=135,192)
12,650,325 (SD=996,598)
18,158,308 (SD=1,296,239)
19,341,699 (SD=1,281,893)

12,168,050 (SD=912,367)
31,121,641 (SD=2,219,922)
1,026,162 (SD=196,308)
192,806 (SD=102,774)

5,496,350 (SD=508,971)
20,499,192 (SD=1,543,712)
25,422,715 (SD=1,603,440)

3,025,865 (SD=307,241)
5,213,098 (SD=648,682)

11,453,699 (SD=1,103,796)

16,190,075 (SD=1,335,684)
15,535,521 (SD=1,320,921)

79.86 (SE=1.85)
8.4 (SE=1.22)
3.38 (SE=0.74)
3.64 (SE=0.63)
4.72 (SE=0.63)

1.32 (SE=0.27)

24.89 (SE=1.21)
35.73 (SE=1.08)
38.06 (SE=1.31)

27.34 (SE=1.59)
69.92 (SE=1.71)
2.31 (SE=0.44)
0.43 (SE=0.22)

10.69 (SE=0.71)
39.87 (SE=1.41)
49.44 (SE=1.59)

5.88 (SE=0.74)
10.14 (SE=1.07)

22.28 (SE=1.45)

31.49 (SE=1.36)
30.21 (SE=2)

Mean (SE) Median (25th, 75th  Mean (SE) Median (25th, 75th

percentiles) percentiles)

Age (years) 69.65 (0.2) 68.16 (63.04, 69.52 (0.2) 67.62 (62.88,
75.38) 74.01)

PIR 3.02 (0.07) 2.89 (1.55, 4.97) 2.6 (0.07) 3.09 (1.65, 4.96)

BMI 28.96 (0.2) 27.87 (24.61, 29.14 (0.14) 28 (24.69, 32.3)
32.08)

Waist Circumference (cm) 102.28 (0.5) 101.42 (92.13, 102.13 (0.34) 101.95 (92.56,
110.89) 111.27)

Total calories 1864.62 (17.88) 1780.59 (1403.45, 1809.72 (15.36) 1793.53 (1410.36,
2239.31) 2249.66)

Dietary L and Z intake (mg/ 1.91 (0.17) 0.93 (0.52, 1.76) 1.81(0.10) 0.94 (0.53, 1.77)

day)

Supplement L and Z intake  1.32 (0.21) 0.24 (0.22, 0.3) 1.27 (0.19) 0.24 (0.22, 0.30)

(mg/day; n=471)

Total L and Z intake (mg/ 2.18 (0.18) 1.04 (0.57, 1.95) 2.02 (0.11) 1.05 (0.57, 1.95)

day)

CERAD: Trial 1 Score - - 4.66 (0.05) 4.5 (3.35, 5.62)

CERAD: Trial 2 Score - 6.66 (0.05) 6.58 (5.31, 7.77)

CERAD: Trial 3 Score - - 7.48 (0.06) 7.44 (6.26, 8.54)

CERAD: Total Score (3 - 18.8 (0.16) 19.63 (16.44, 22.4)

Recall trials)

CERAD: Delayed Recall - - 5.87 (0.06) 5.93 (4.25, 7.47)

Score

Animal Fluency: Total Score — - 16.57 (0.15) 17.4 (13.6, 20.98)

Digit Symbol: Score - 46.1 (0.63) 52.66 (40.94,

63.58)
Nutritional Neuroscience 2018



Table 2 Median (25th, 75th percentiles) score on cognitive tests, by quartile of L and Z intake
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P-value for

Cognitive test Q1 Q2 Q3 Q4 difference*

Dietary L and Z intake

Dietary L and Z intake 0 3(0.2,0.4) 0.7 (0.6, 0.8) 1.20 (1.0, 1.4) 2 8(2.1,5.1) N/A

Men only 3(0.2,0.4) 0.7 (0.6, 0.8) 1.18 (1.0, 1.3) 6 (2.0, 4.6) N/A

Women only O 3(0.2,0.4) 0.7 (0.6, 0.8) 1.20 (1.0, 1.4) 3 0(2.1,5.3) N/A

Animal Fluency: Score Total 16.2 (12.5, 19.5) 17.1 (13.4, 20.68) 17.18 (13.7, 20.9) 18.9 (14.6, 23.2) <0.0001

CERAD: Score Delayed Recall 8(4.1,7.3) 0(4.2,7.4) 553 (4.1,7.2) 4(4.7,7.9) <0.0001

CERAD: Score Trial 1 Recalll 0(3.1,5.2) 5(3.3,5.6) 4.42 (3.3, 5.6) 0(3.9,5.9) <0.0001

CERAD: Score Trial 2 Recall 4 (4.9, 7.6) 5(5.3,7.8) 6.4 (5.2,7.5) .1(5.8,8.2) <0.0001

CERAD: Score Trial 3 Recall 7.3 (6.0, 8.4) 7.5 (6.2, 8.5) 7.23 (6.2, 8.3) 7.8 (6.6, 8.9) <0.0001

CERAD: Total Score 19.0 (15.1, 21.6) 19.6 (16.3, 22.3) 18.88 (16.5, 21.7) 20.9(17.9, 23.3) <0.0001

Digit Symbol: Score 48.0 (35.6, 58.8) 51.8 (40.2, 63.1) 52.57 (41.0, 63.7) 56.0 (45.2, 66.4) <0.0001

Supplementary L and Z intake (n=471)

Supplementary L and Z intake 0.1(0.1,0.2) 0.3(0.3,0.3) 0.3(0.3,0.3) 2.0(0.87, 5.25) N/A
Men only 0.1(0.1, 1.1) 0.3(0.3,0.3) 0.3(0.3,0.3) 1.8 (0.5, 5.6) N/A
Women only 0.1(0.1,0.2) 0.3(0.3,0.3) 0.3(0.3,0.3) 2.0(1.0,5.1) N/A

Animal Fluency: Score Total 18.8 (16.7, 21.4) 18.9 (14.4, 23.2) 17.3(14.7, 19.4) 8 3(14.7, 20.8) 0.84

CERAD: Score Delayed Recall 5.8(5.2,7.8) 5.8 (4.4,7.3) 6.5(4.5,7.8) 3(4.8,7.6) 0.63

CERAD: Score Trial 1 Recall 5.1(3.8,5.7) 4.6 (3.5,5.7) 4.6 (3.4,5.8) 8 (3.5, 6.0) 0.99

CERAD: Score Trial 2 Recall 7.2 (6.4,7.6) 6.7 (5.5,7.8) 6.8(5.8,7.9) 9 (5.8, 8.0) 0.53

CERAD: Score Trial 3 Recalll 7.7 (6.8, 8.4) 7.4 (6.4, 8.3) 8.0 (6.7,8.8) 6 (6.2, 8.6) 0.26

CERAD: Total Score 20.8 (17.8, 22.3) 19.6 (17.1, 22) 20.7 (17.9, 22.7) 20 4(17.2,23.1) 0.62

Digit Symbol: Score 63.2 (52.6, 70.5) 53.6 (43.2, 63.6) 57.6 (45.9, 70.2) 54.5(48.1, 63.7) 0.28

Total L and Z intake

Total L and Z intake 0.4 (0.2,0.5) 0.7 (0.6, 0.8) 1.3(1.1,1.5) 3.3(2.3,6.1) N/A

Men only 0.4 (0.2,0.5) 0.7 (0.6, 0.8) 1.3(1.1,1.5) 3.0(2.2,5.7) N/A

Women only 0.4 (0.2,0.4) 0.7 (0.6, 0.8) 1.3(1.1,1.5) 35(2.4,6.2) N/A

Animal Fluency: Score Total 16.1 (12.6, 19.5) 16.5(13.0, 20.3) 17.7 (13.9, 21.4) 18.8 (14.7, 22.8) <0.0001

CERAD: Score Delayed Recall 8(4.1,7.3) 5.7 (4.0,7.2) 5.7 (4.2,7.4) 6.4 (4.7,7.8) <0.0001

CERAD: Score Trial 1 Recall 1(3.1,5.3) 4.4 (3.3,5.5) 45(3.3,5.7) 4 9 (3.8,5.8) <0.0001

CERAD: Score Trial 2 Recall 4(4.9,7.5) 6.5(5.16,7.7) 6.4 (5.3,7.6) 1(5.9, 8.1) <0.0001

CERAD: Score Trial 3 Recall 7.3 (6.0, 8.4) 7.3(6.2,8.4) 7.4(6.3,8.5) 7 8 (6.6, 8.8) <0.0001

CERAD: Total Score 19.0 (15.3, 21.7) 19.3 (16.1, 22.0) 19.2 (16.5, 22.2) 20.8 (18.0, 23.2) <0.0001

Digit Symbol: Score 48.2 (36.1, 58.4) 50.3 (37.8, 62.0) 53.4 (41.7, 64.6) 56.2 (45.6, 66.1) <0.0001

*Kruskal-Wallis test

continuous measures (Table 3). In contrast, there was a
small negative association with supplementary L and
Z. Analysis by quartile of L and Z showed a positive
association (better cognitive performance) with
higher L and Z, and this was significant for several
associations (Table 3). Results were very similar

when removing those who reported use of supplements
containing L and Z, or when restricting to those not
reporting cognitive issues (Supplementary Table 1).
As shown in Table 4, a similar pattern of results was
seen in linear regression models for total CERAD W-
L score, Animal Fluency score, and Digit Symbol

Table 3 Adjusted* odds ratios (95% confidence intervals) for score on CERAD Word Learning sub-test, for each mg/day

increase in L and Z intake

CERAD: Score Delayed CERAD: Trial 1 CERAD: Trial 2 CERAD: Trial 3
Recall Score Score Score
Dietary L and Z (mg/day)
Age-adjusted 1.01 (0.98, 1.05) 1.04 (1.02, 1.06) 1.01 (0.99, 1.03) 1.01 (0.98, 1.04)
Fully adjusted 1(0.97, 1.08) 1.04 (1.02, 1.06) 1.01 (0.99, 1.03) 1.01 (0.99, 1.04)

Supplementary L and Z (mg/day)
Age-adjusted
Fully adjusted

Total L and Z (mg/day)
Age-adjusted
Fully adjusted

Quartile of total L and Z
Q4 vs. Q1, Age-adjusted
Q4 vs. Q1, Fully adjusted
Q3 vs. Q1, Age-adjusted
Q3 vs. Q1, Fully adjusted
Q2 vs. Q1, Age-adjusted
Q2 vs. Q1, Fully adjusted

0.95 (0.91, 0.99)
0.93 (0.89, 0.98)

1(0.98, 1.03) 1.0
1(0.98, 1.02) 1

1.66 (1.36, 2.03) 2.2
1.28 (0.97, 1.69) 1.7
1.18 (0.9, 1.54) 15
1.03 (0.75, 1.43) 1.4
0.99 (0.79, 1.25) 13
0.83 (0.6, 1.13) 1.2

0.95, 1.08) 0.97 (0.92, 1.03) 0.99 (0.94, 1.04)
0.93, 1.09) 0.98 (0.92, 1.06) 0.98 (0.92, 1.04)
1.02, 1.05) 01 (0.99, 1.03) 1.01 (0.99, 1.03)
1.02, 1.05) 01 (1, 1.02) 1.01 (1, 1.02)
72, 2.86) 2.08 (1.68, 2.57) 1.73 (1.4, 2.13)
31, 2.4) 1.62 (1.2, 2.19) 1.36 (1.03, 1.81)
22, 2.08) 1.22 (0.99, 1.51) 1.23 (0.95, 1.6)
04, 2.01) 1.02 (0.78, 1.33) 1.09 (0.8, 1.47)
06, 1.74) 1.25 (0.99, 1.59) 1.05 (0.84, 1.3)
97, 1.67) 1.09 (0.78, 1.54) 0.86 (0.65, 1.16)

*Fully adjusted models are adjusted for survey cycle, age, sex, BMI, alcohol intake, smoking, PIR, and education.
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Table 4 Adjusted* beta coefficients (standard error (SE), P-value) for score on CERAD Word Learning sub-test, Animal Fluency
test, and DSST, for each mg/day increase in L and Z intake, stratified by race/ethnicity

CERAD: Total score

Animal Fluency score

Digit Symbol Score

Dietary L and Z (mg/day)
Age-adjusted
Fully adjusted

Supplementary L and Z (mg/day)

Age-adjusted
Fully adjusted
Total L and Z (mg/day)
Age-adjusted
Fully adjusted
Quartile of total L and Z

Q4 vs.
Q4 vs.
Q3 vs.
Q3 vs.
Q2 vs.
Q2 vs.

Q1, Age-adjusted
Q1, Fully -adjusted
Q1, Age-adjusted
Q1, Fully adjusted
Q1, Age-adjusted
Qf1, Fully adjusted

0.06 (0.03), P=0.03
0.06 (0.02), P=0.01

—0.03 (0.08), P=0.64
—0.03 (0.08), P=0.74

0.05 (0.02), P=0.02
0.04 (0.01), P<0.01

1.87 (0.23), P<0.01
1.15 (0.27), P<0.01
0.87 (0.3), P=0.01
0.42 (0.31), P=0.18
0.51 (0.25), P=0.05
0.19 (0.3), P=0.54

0.05 (0.04), P=0.22
0.01 (0.02), P=0.74

—0.04 (0.07), P=0.54
—0.09 (0.08), P=0.18

0.04 (0.03), P=0.21
0(0.02), P=0.88

2.67 (0.44), P<0.01
1.4 (0.43), P<0.01
2.06 (0.41), P<0.01
1.23 (0.42), P=0.01
0.66 (0.4), P=0.11
0.27 (0.47), P=0.56

0.07 (0.14), P=0.61
—0.08 (0.06), P=0.23

~0.02 (0.22), P=0.93
—0.15(0.22), P=05

0.08 (0.13), P=0.55
—0.07 (0.08), P=0.23

8.36 (1.03), P<0.01
2.52 (0.86), P=0.01
6.5 (1.28), P<0.01
2.67 (0.9), P=0.01
2.81 (1.07), P=0.01
1.59 (0.98), P=0.12

*Fully adjusted models are adjusted for survey cycle, age, sex, BMI, alcohol intake, smoking, PIR, and education.

score. Greater L and Z intake both on the continuous
scale and categorical scale were significantly associ-
ated with higher scores on each of the three tests. As
above, results for these analyses conducted only
among those reporting non-supplement intake and
those denying cognitive issues were very similar
(Supplementary Table 2). When including alpha-caro-
tene, beta-carotene and choline in the regression
models, the effect estimates for associations with L
and Z did not change substantially (e.g. odds ratios
changed by <5%, data not shown). However, confi-
dence intervals and standard errors were slightly
greater, indicating less precision possibly due to high
correlation between the three carotenoids (all present
in fruits and vegetables) and choline (present, along
with L, in eggs).

Finally, we examined these associations separately
among non-Hispanic white and non-Hispanic Black
participants; note that for these models, the associ-
ation with supplemental L and Z by itself was not eval-
uated due to the small number (r=77) of non-
Hispanic Black participants reporting supplement

use and subsequent model instability. As shown in
Table 5, there were significant associations between
continuous measures of dietary L and Z only among
white participants (CERAD trial 1 score), but associ-
ations for both groups when looking at the highest
quartile of L and Z intake. The pattern of associations
was different by test — for example, the effect estimate
for the highest quartile of L and Z intake was strong
among white participants for CERAD trial 1 score,
but among Black participants for CERAD delayed
recall score. Interestingly, the patterns of association
by race were more consistent when looking at the con-
tinuous test outcomes (Table 6); although not always
statistically significant, associations were consistently
stronger for Black participants compared with white
participants both for dietary and for total L. and Z
intake, across the three tests.

Discussion

This cross-sectional analysis utilized data from 2 waves
of the NHANES (2011-2014) to evaluate the cross-
sectional associations between L and Z intake and

Table 5 Adjusted* odds ratios (95% confidence intervals) for score on CERAD Word Learning sub-test, for each mg/day

increase in L and Z intake, stratified by race/ethnicity

CERAD: Score Delayed Recall CERAD: Trial 1 Score CERAD: Trial 2 Score CERAD: Trial 3 Score

Dietary L and Z (mg/day)

White 1.00 (0.97, 1.03) 1.04 (1.02, 1.06) 1.01 (0.99, 1.03) 1.01 (0.99, 1.04)

Black 1.04 (0.99, 1.09) 1.01 (0.95, 1.06) 1.03 (0.99, 1.08) 1.03 (0.99, 1.08)
Total L and Z (mg/day)

White 1.00 (0.98, 1.01) 1.03 (1.02, 1.05) 1.01 (1.00, 1.02) 1.01 (1.00, 1.02)

Black 1.03 (0.98, 1.08) 0.99 (0.95, 1.04) 1.02 (0.97, 1.08) 1.03 (0.98, 1.08)

Quartile of total L and Z

Q4 vs. Q1, White 1.21(0.87, 1.70) 1.95 (1.35, 2.80) 1.67 (1.14, 2.44) 1.40 (0.97, 2.01)
Q4 vs. Q1, Black 1.84 (1.24, 2.74) 1.21(0.78, 1.88) 1.83 (1.20, 2.78) 1.82 (1.09, 3.04)
Q3 vs. Q1, White 1.01 (0.70, 1.45) 1.54 (0.99, 2.39) 1.02 (0.72, 1.43) 1.14 (0.78, 1.67)
Q3 vs. Q1, Black 1.48 (0.91, 2.41) 1.32 (0.86, 2.04) 1.59 (0.94, 2.70) 1.48 (0.97, 2.24)
Q2 vs. Q1, White 0.77 (0.50, 1.18) 1.27 (0.9, 1.80) 1.04 (0.68, 1.60) 0.80 (0.54, 1.20)
Q2 vs. Q1, Black 1.13 (0.58, 2.18) 1.59 (1.04, 2.42) 1.48 (0.89, 2.47) 1.80 (0.89, 3.62)

*Fully adjusted models are adjusted for survey cycle, age, sex, BMI, alcohol intake, smoking, PIR, and education.
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Table 6 Adjusted* beta coefficients (SE, P-value) for score on CERAD Word Learning sub-test, Animal Fluency test, and DSST,
for each mg/day increase in L and Z intake, stratified by race/ethnicity

CERAD: Total score

Animal Fluency score Digit Symbol Score

Dietary L and Z (mg/day)

White 0.06 (0.02), P=0.01
Black 0.07 (0.05), P=0.15
Total L and Z (mg/day)
White 0.04 (0.01), P<0.01
Black 0.04 (0.05), P=0.41
Quartile of total L and Z
Q4 vs. Q1, White 1.28 (0.35), P<0.01
Q4 vs. Q1, Black 1.25 (0.51), P=0.02
Q3 vs. Q1, White 0.50 (0.40), P=0.23
Q3 vs. Q1, Black 1.08 (0.56), P=0.07
Q2 vs. Q1, White 0.12 (0.40), P=0.77
Q2 vs. Q1, Black 0.92 (0.58), P=0.12

0.003 (0.02), P=0.88
0.02 (0.08), P=0.81

—0.09 (0.08), P=0.12
0.22 (0.13), P=0.09

—0.002 (0.02), P=0.89
0.04 (0.08), P=0.58

—0.08 (0.05), P=0.10
0.22 (0.11), P=0.05

1.47 (0.52), P=0.01 2.47 (1.06), P=0.03
1.06 (0.96), P=0.28 4.74 (1.47), P<0.01
1.25 (0.54), P=0.03 2.97 (1.12), P=0.01
0.89 (0.75), P=0.25 3.97 (2.61), P=0.14
0.07 (0.59), P=0.91 1.63 (1.18), P=0.18
1.47 (0.78), P=0.07 3.39 (2.17), P=0.13

*Fully adjusted models are adjusted for survey cycle, age, sex, BMI, alcohol intake, smoking, PIR, and education.

cognitive function among US older adults. We found
that higher L and Z intake was associated with
better performance on cognitive measures of
memory, language, and executive function domains.
These findings align with previous studies of L and
Z and association with cognitive function (e.g.'"'%)
Previously demonstrated associations were noted
across age groups, even young healthy individuals,
and across multiple domains. However, previous
observational studies largely characterized L and Z
using measures in the retina or in serum, with less evi-
dence for the association between cognition and
dietary and supplement intake of L and Z. For
example, the most recently published study, an obser-
vational analysis of older adults in France, showed
that L and Z measured both in the eye (as macular
pigment) and in serum, were associated with measures
of memory, verbal learning, verbal fluency, and global
function.'® Such observational data are strengthened
by findings from intervention studies where increased
L and Z intake (via supplementation) improved cogni-
tive function measures in as few as four months.*”
Interestingly, we did note a small negative associ-
ation between supplementary L and Z and score on
the CERAD test. This could be due to chance
(noting that relatively few participants reported
taking supplements), or it could be that these individ-
uals were advised to take supplements by their health-
care provider in reaction to a diagnosis (such as for age-
related macular degeneration) or because they were at
high risk for some disease outcome. We also found
that for certain cognitive test outcomes, associations
with L and Z intake were stronger for non-Hispanic
Black participants compared with non-Hispanic
white participants. The highest levels of L and Z
intake were associated with CERAD scores among
white participants (indicating beneficial association
for learning), and associated with CERAD delayed
recall score among Black participants (indicating ben-
eficial association for learning and recall). Our findings

suggest that L and Z intake is positively associated with
executive function in both race/ethnicity group, but
that the association may be more pronounced for
Black participants. This could be in part due to differ-
ences in intake levels and pattern for L and Z — an
earlier report among NHANES III participants
reported higher L and Z intake among non-Hispanic
Black participants aged 60 years and older.*” In the
current analysis, we found a possibly higher dietary L
and Z intake comparing non-Hispanic Black versus
white participants (mean (SE) of 2.03 (0.15) mg
versus 1.96 (0.22) mg), but the total L and Z intake
was equal (mean of 2.2mg for both groups).
However, the NHANES dietary data report on com-
bined L and Z — a 2010 analysis specifically identified
higher lutein intake among non-Hispanic Blacks com-
pared to other race/ethnicity groups, while there was
little or no difference in zeaxanthin intake.** It is poss-
ible that these dietary patterns along with other cul-
tural, concomitant diet, genetic and environmental
differences, could affect individual ability to absorb
and accumulate L and Z in neural tissue.

There are many proposed mechanisms by which
increases in L. and Z could improve or help maintain
cognitive function, including the antioxidant capabili-
ties described above, or general anti-inflammatory
action.”? Another proposed mechanism is through
increased neural efficiency (which would manifest as
improvements in multiple domains).”*** L and Z
may also enhance the structure and stability of brain
membranes.”

Higher L and Z intake may also serve simply as a
marker of better overall diet (rich in fruits and veg-
etables) and related markers of healthy lifestyle, and
access to more nutritious foods. However, associations
were seen in the NHANES population even when
adjusting for other factors associated with general
good health, such as income, education, alcohol
intake, and smoking. One major limitation of this
analysis is the cross-sectional design of the survey;
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consequently, it is impossible to determine whether
there is a causal association between L and Z intake
and cognitive performance, or if the association sig-
nifies a true relationship between dietary L and Z
and cognition. Another limitation is the use of 24-
hour dietary recalls, which may not capture ‘usual’
patterns of intake, which may be important for L
and Z accumulation. Strengths of this analysis
include a large and representative sample, ability to
control for multiple potential confounders, and infor-
mation on a variety of cognitive measures evaluating
cognitive domains relevant to neurodegenerative dis-
eases like Alzheimer’s disease, e.g. memory and execu-
tive function. Admittedly, associations are inconsistent
in strength, but even modestly effective interventions
that may delay the onset of cognitive impairment or
dementia can substantially alleviate the growing econ-
omic and social burden associated with these con-
ditions.** 35 Moreover, dietary interventions are
relatively inexpensive and side-effect free.

Conclusions

This analysis found that lutein and zeaxanthin intake
were positively associated with multiple measures of
cognitive performance in a sample of the U.S.
general population of older adults; for specific
measures, associations were stronger among non-
Hispanic Black participants and suggest benefits in
multiple domains. The tests evaluated measure per-
formance across a variety of domains important for
continued independence and good health through the
lifespan. These findings are in accordance with the
larger body of literature showing that higher dietary
intakes of foods rich in phytochemicals and fatty
acids with anti-inflammatory and antioxidant proper-
ties are protective against cognitive decline.’®
While broad recommendations for healthier diets and
lifestyles can be made to the general public, these rec-
ommendations often go unheeded. Targeting at-risk
individuals for whom a dietary and lifestyle interven-
tion may be most beneficial could be a more effective
approach.
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