',\' frontiers
in Nutrition

ORIGINAL RESEARCH
published: 17 February 2022
doi: 10.3389/fnut.2022.843512

OPEN ACCESS

Edited by:

David Vauzour,
University of East Anglia,
United Kingdom

Reviewed by:

Elizabeth J. Johnson,

Tufts University, United States

Billy Hammond,

University of Georgia, United States

*Correspondence:
Adrian L. Lopresti
adrian@clinicalresearch.com.au

Specialty section:

This article was submitted to
Nutrition and Brain Health,

a section of the journal
Frontiers in Nutrition

Received: 15 January 2022
Accepted: 25 January 2022
Published: 17 February 2022

Citation:

Lopresti AL, Smith SJ and
Drummond PD (2022) The Effects of
Lutein and Zeaxanthin
Supplementation on Cognitive
Function in Adults With Self-Reported
Mild Cognitive Complaints: A
Randomized, Double-Blind,
Placebo-Controlled Study.

Front. Nutr. 9:843512.

doi: 10.3389/fnut.2022.843512

Check for
updates

The Effects of Lutein and Zeaxanthin
Supplementation on Cognitive
Function in Adults With
Self-Reported Mild Cognitive
Complaints: A Randomized,
Double-Blind, Placebo-Controlled
Study

Adrian L. Lopresti®?*, Stephen J. Smith "2 and Peter D. Drummond?

" Clinical Research Australia, Perth, WA, Australia, ? Healthy Ageing Research Centre and Discipline of Psychology, College of
Science, Health, Engineering and Education, Murdoch University, Perth, WA, Australia

Background: Lutein and zeaxanthin are fat-soluble, dietary carotenoids with high
concentrations in human brain tissue. There have been a number studies confirming
an association between lutein and zeaxanthin and cognitive function.

Purpose: Examine the effects of lutein and zeaxanthin supplementation on cognitive
function in adults with self-reported cognitive complaints.

Study Design: Two-arm, parallel-group, 6-month, randomized, double-blind,

placebo-controlled trial.

Methods: Ninety volunteers aged 40-75 years received either 10 mg of lutein and 2 mg
of zeaxanthin, once daily or a placebo. Outcome measures included computer-based
cognitive tasks, the Cognitive Failures Questionnaire, Behavior Rating Inventory of
Executive Function, Profile of Mood States, and the Patient-Reported Outcomes
Measurement Information System-29.

Results: Compared to the placebo, lutein and zeaxanthin supplementation was
associated with greater improvements in visual episodic memory (o = 0.005) and visual
learning (p = 0.001). However, there were no other statistically-significant differences
in performance on the other assessed cognitive tests or self-report questionnaires.
Lutein and zeaxanthin supplementation was well-tolerated with no reports of significant
adverse effects.

Conclusion: The results from this trial suggest that 6-months of supplementation with
lutein and zeaxanthin may improve visual memory and learning in community-dwelling
adults with self-reported cognitive complaints. However, it had no other effect on
other computer-based measures of cognitive performance or self-report measures of
cognition, memory, mood, or physical function.
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INTRODUCTION

Lutein and zeaxanthin are fat-soluble nutrients forming part
of the carotenoid family. Lutein is found in dark green leafy
vegetables such as kale and spinach and in egg yolks and corn
(1). Zeaxanthin is more prominently found in yellow and orange
foods such as egg yolks, corn, orange capsicums, tangerines,
persimmons, mandarins, and oranges (2, 3). In the body, lutein
and zeaxanthin are found in eye, brain, breast and adipose tissue.
Although lutein is not the major carotenoid in our diet, it is the
carotenoid of the highest concentration in human brain tissue (4,
5). In fact, lutein and zeaxanthin account for 66 to 77% of the total
carotenoid concentration in human brain tissue (6). Lutein and
zeaxanthin have been identified in the hippocampus, cerebellum,
and frontal, occipital, and temporal cortices (5, 7-9); and due
to their powerful antioxidant and anti-inflammatory properties
(10, 11), interest in their neuroprotective effects is increasing.
Studies examining the relationship between the dietary
intake of carotenoids, including lutein and zeaxanthin, have
demonstrated a generally positive relationship between lutein
and zeaxanthin intake and cognitive health. For example, a higher
dietary intake of lutein and/or zeaxanthin was associated with a
lower risk of experiencing moderate-to-poor cognitive function
in middle-aged women (12), better immediate and delayed word
recall in older adults (13), and higher scores on several cognitive-
based measures in adults over the age of 60 years (14). Moreover,
higher plasma concentrations of lutein and/or zeaxanthin were
associated with better cognitive function in older adults (15, 16),
visual-spatial functioning in older adults (17), and relational
memory performance in young and middle-aged adults (18).
Macular pigment optical density (MPOD), which provide a
measure of lutein and zeaxanthin concentration in the brain
(8, 19), was also associated with better cognitive performance
in older-age adults (16), adults with mild cognitive impairment
(20), and in adults with age-related macular degeneration
(21). However, despite these findings, results from randomized
controlled trials have been inconsistent. For example, 12
months of supplementation with 10mg of lutein and 2mg
of zeaxanthin were associated with improvements in complex
attention and cognitive flexibility in community-dwelling older
adults (22), buffered cognitive decline on a verbal learning
task in older adults (22), and increased spatial memory in
young, healthy adults (23). In this latter study, participants who
experienced increases in MPOD, irrespective of group allocation,
experienced improvements in visual memory, complex attention,
and reasoning ability. However, in a large 5-year study on
older-age adults with intermediate or advanced age-related
macular degeneration, lutein and zeaxanthin supplementation
did not change cognitive function as measured by several
telephone-administered cognitive tasks (24). These inconsistent
findings are likely due to differences in the population recruited,
outcome measures used, and treatment duration. Exposure to
dietary sources of lutein and zeaxanthin are also likely to
confound results as it is challenging to conduct clinical trials
on nutrients that are found in everyday foods and may be
consumed by participants daily. The finding by Renzi-Hammond
et al. (23) where improvements in cognitive performance

occurred in participants who experienced increases in MPOD,
irrespective of group allocation, suggests increases in brain
concentration of lutein and zeaxanthin (either via dietary
sources or supplementation) are necessary for improvements in
cognition to be realized.

The aims of this trial were to add to the existing body of
research and to examine the effects and tolerability of lutein
and zeaxanthin supplementation over 6 months on cognitive
performance in community-dwelling adults with self-reported
cognitive complaints. In contrast to most previous studies,
supplementation was for 6 months, as opposed to primarily
12-month trials, and in a middle-to-older age cohort with
self-reported cognitive complaints. It was hypothesized that
supplementation with lutein and zeaxanthin would improve
cognitive performance as measured by computer-based tasks and
self-report measures.

MATERIALS AND METHODS
Study Design

This was a two-arm, parallel-group, 180-day (6-month),
single-center, randomized, double-blind, placebo-controlled trial
(Figure 1). All participants gave informed consent, and the
trial received ethics approval from the Human Research Ethics
Committee at the National Institute of Integrative Medicine
(approval number 0082E_2020). This study was prospectively
registered with the Australian and New Zealand Clinical Trials
Registry (Trial ID. ACTRN12621000038897).

Sample Size Calculation

Based on a single outcome variable, an a priori power analysis
was completed to estimate the required sample size. In a another
trial examining the effects of lutein supplementation on episodic
memory, an effect size of 0.6 was identified (25). Assuming a
power of 80% and a type one error rate (alpha) of 5%, the number
of participants required per group to find a treatment effect was
estimated as 36. After allowing for an approximate 15% dropout
rate, we aimed to recruit 45 participants per group.

Recruitment and Randomization

Participants were recruited through social media and email
databases between February and March 2021. Interested
volunteers visited a website page that provided further
information about the study and a link to complete a screening
form that assessed for self-reported problems with memory and
attention; history of psychiatric disorders or medical diseases;
medication use; nicotine, alcohol, and other drug use; and the
intake of vitamin and herbal supplements. The 4-item Patient
Health Questionnaire (PHQ-4) was also completed to assess for
symptoms of anxiety and depression (26). If judged as likely
eligible, volunteers participated in a telephone interview where
they were asked a series of questions to assess their eligibility and
to obtain further demographic details. During this assessment,
the Australian adaptation of the Modified Telephone Interview
for Cognitive Status (TICS-M) was administered by a researcher
(27). The TICS-M is validated against other cognitive screens
such as the Mini-Mental State Examination (28). Suitable
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Assessed for eligibility (n=162)

EXCLUDED (n=72)
—p - Did not meet eligibility criteria (n=59)
- Withdrew consent to participate (n=13)

Week 0: Face-to-face assessment
(1) Vital signs and anatomical measurements, (2) COMPASS,

(3) BRIEF-A, (4) POMS-A, (5) CFQ, (6) PROMIS-29
1

Randomised (n=90)

v

Lutein/Zeaxanthin (n=45)

Placebo (n=45)

Day 30, 60, 90, 120, 150: Online Questionnaires
(1) POMS-A, (2) CFQ, (3) PROMIS-29, (4) Adverse events, (5) BRIEF-A
(days 60 & 120 only)

DISCONTINUED (n=4): medical
illness (n=1), headaches (n=1),
inconsistent capsule intake (n=1),
no reason given (n=1)

DISCONTINUED (n=8): no reason
given (n=3), life-related stressors (n=2),
muscle aches (n=1), headaches (n=1),
unexpected travel (n=1)

Day 180: Face-to-face assessment
(1) Vital signs and anatomical measurements, (2) COMPASS,
(3) BRIEF-A, (4) POMS-A, (5) CFQ, (6) PROMIS-29, (7) Adverse events

Outcomes Measurement Information System-29.

FIGURE 1 | Systematic illustration of study design. BRIEF-A, Behavior Rating Inventory of Executive Function—Adult Version; CFQ, Cognitive Failures Questionnaire;
COMPASS, Computerized Mental Performance Assessment System; POMS-A, Profile of Mood States, Abbreviated Version; PROMIS-29, Patient-Reported

participants then completed a consent form (online) and
attended an in-person assessment ~3-7 days after the interview.
During the assessment, participants completed online versions
of the Behavior Rating Inventory of Executive Function—
Adult Version (BRIEF-A), Profile of Mood States, Abbreviated
Version (POMS-A), Patient-Reported Outcomes Measurement
Information System-29 (PROMIS-29), and Cognitive Failures
Questionnaire (CFQ). Participants also completed several tasks
from the Computerized Mental Performance Assessment System
(COMPASS) (see Table 1).

Consenting and eligible participants were randomly allocated
to one of two groups (lutein/zeaxanthin or placebo). To ensure
sequence concealment, a randomization calculator was used with
the randomization structure consisting of 9 randomly permuted
blocks, with 10 participants per block. Identification numbers
were assigned to participants based on their order of enrolment in

the study. All capsules were packaged in identical bottles labeled
by two intervention codes (held by the sponsor until all data was
collected). Study investigators and participants were blind to the
treatment group allocation until all outcome data were collected.

Participants

Inclusion criteria: male and female participants aged 40-75
years, with self-reported problems in memory or attention were
recruited for this study as indicated by a positive response to
the following question: Do you feel you have problems with
your memory, attention, or concentration? Volunteers scored
above the 5th percentile for their education, age, and sex on
the Australian version of the Telephone Interview for Cognitive
Status- modified version (TICS-M) and had a body mass index
(BMI) between 18 and 35. Participants were fluent in English and
consented (online) to all relevant aspects of the study.
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TABLE 1 | COMPASS tasks completed.

Task Score

Word recall (immediate) Number correct

Word recall (delayed) Number correct
Location learning recall Displacement score
Word recognition Percentage correct
Percentage correct
Picture recognition Percentage correct

Correct responses (milliseconds)
Numeric working memory Percentage correct

Correct responses (milliseconds)
Percentage correct

Corsi blocks Span score
Simple reaction time Correct responses (milliseconds
Choice reaction time

Digit vigilance

(

Correct responses (milliseconds

Correct responses (milliseconds
(

Stroop Correct responses (milliseconds

Exclusion criteria: Ineligible participants were diagnosed
with dementia (based on the revised National Institute on
Aging-Alzheimer’s Association criteria) and suffered from severe
or unstable medical conditions such as cardiovascular disease;
bleeding disorders; hypertension; type I diabetes; renal failure;
hepatic disease; glaucoma; pulmonary disease; gastrointestinal
disease; gallbladder disease; and neurodegenerative or
neurological disease. Participants were also ineligible if they
were diagnosed with a severe psychiatric disorder or scored
>8 on the PHQ-4 (indicating moderate-to-severe anxiety
and/or depression). A history of head injury (with a loss of
consciousness), seizures, or stroke, any major surgeries over
the last year, hearing loss that may impact the person’s ability
to complete the phone assessment, regular medication use
including anti-coagulants, anticholinergics, acetylcholinesterase
inhibitors, and steroids, and any medication change in the past
3 months or anticipation to change during the trial period were
also exclusion criteria. Individuals taking vitamin or herbal
supplements that may significantly affect study outcomes, a
current or 12-month history of illicit drug abuse, and alcohol
consumption of more than 14 standard drinks per week were
also unable to participate in the trial.

Interventions

Lutein/zeaxanthin and placebo capsules were matched for shape,
color coating, and size. The active ingredient, supplied by Bio-
gen Extracts Pvt Ltd, contained 10 mg of lutein and 2mg of
zeaxanthin in sunflower oil. These doses were chosen as they
have been commonly used in previous randomized controlled
trials (22, 23, 29). The placebo capsules comprised the same
excipients as the active capsules (sunflower oil). All participants
were instructed to take 1 capsule, in the evening, with or
without food, for 180 days. Capsule compliance was assessed
by asking participants to estimate the consistency of capsule
intake (0-100%), recording the intake of evening capsule intake

on a mobile phone pill reminder/ monitoring application,
and by returning unused capsules at the final assessment.
At the end of the study, treatment blinding was evaluated
by asking participants to predict group allocation (placebo,
lutein/zeaxanthin, or uncertain).

Outcome Measures

Primary Outcome Measure

Computerized Mental Performance Assessment System
(COMPASS)

The COMPASS is a computer application that presents cognitive
tasks to assess memory and speed of performance, attention, and
visual learning (Northumbria University, Newcastle upon Tyne,
UK). Results on the COMPASS are sensitive to nutritional and
dietary interventions (30, 31). The COMPASS was completed
at baseline and day 180, and the cognitive tasks administered
in this study are detailed in Table 1. Participants completed a
brief practice run at each assessment to familiarize themselves
with the cognitive tasks and then completed the battery
of cognitive tasks as detailed in Tablel. To control for
morning food and beverage intake, participants disclosed their
breakfast intake during their baseline visit and were asked
(and reminded the day before their final assessment) to eat
the same breakfast on the morning of their final assessment.
Participants were asked not to consume any alcohol on the
evening before testing and not to consume any caffeinated
beverage the morning of their assessment. All assessments
were conducted between 8 and 11 am, with testing at baseline
and day 180 occurring at approximately the same time for
each participant.

Secondary Outcome Measures

Behavior Rating Inventory of Executive Function—Adult
Version (BRIEF-A)

The BRIEF-A is a validated questionnaire of executive function in
adults aged 18-90 years. The BRIEF-A contains 75 items within
9 nonoverlapping theoretically and empirically-derived clinical
scales: Inhibit, Self-Monitor, Plan/Organize, Shift, Initiate,
Task Monitor, Emotional Control, Working Memory, and
Organization of Materials. These clinical scales combine for
two index scores, the Behavioral regulation index, and the
metacognition index (32). The BRIEF-A was completed at
baseline, and days 60, 120, and 180.

Profile of Mood States, Abbreviated Version (POMS-A)

The POMS-A is a psychometrically-validated, 40-item self-report
questionnaire that assesses a respondent’s current mood state
(33). Questions are rated on a 4-point scale (not at all to
extremely), and scores are calculated for tension, anger, fatigue,
depression, esteem-related affect, vigor, confusion, and total
mood disturbance. The POMS-A was completed at baseline and
days 30, 60, 90, 120, 150, and 180.

Patient-Reported Outcomes Measurement Information
System-29 (PROMIS-29)

The PROMIS-29 is a validated self-report questionnaire
that assesses the following seven domains: (1) Anxiety, (2)
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Depression, (3) Physical function, (4) Sleep disturbance, (5)
Fatigue, (6) capacity to participate in social activities and roles,
and (7) Pain intensity and interference (34). Higher scores on
physical function and the ability to participate in social roles
and activities imply better function, whereas lower scores in
the other domains indicate an improvement in symptoms. The
PROMIS-29 was completed at baseline and days 30, 60, 90, 120,
150, and 180.

Cognitive Failures Questionnaire (CFQ)

The CFQ is a 25-item self-report questionnaire that assesses
the frequency of cognitive difficulties (35). The CFQ has
sound psychometric properties (36), where lower scores indicate
improved cognitive skills. The CFQ was completed at baseline
and days 30, 60, 90, 120, 150, and 180.

Adverse Events

The tolerability of capsule intake was assessed every 30 days by
an online question querying side effects that were believed to
be due to capsule intake. Participants were also asked to contact
researchers if they experienced any adverse effects.

Statistical Analysis

For baseline data, an independent samples t-test was used
to examine group data for continuous variables, and a
Pearson’s Chi-square test was used to examine categorical data.
Five separate repeated-measures multivariate ANOVAs were
conducted to examine change in scores on (1) computer-
based measures of episodic memory (days 0 and 180), (2)
computer-based measures of working memory (days 0 and
180), (3) computer-based measures of speed of performance
(days 0 and 180), (4) self-report questionnaires (POMS-A total
mood disturbance score, PROMIS-29 sub-scale scores, and the
CFQ total score, days 0, 30, 60, 90, 120, 150, and 180), and
(5) BRIEF-A index scores (Behavioral Regulation index and
Metacognition index, days 60, 120, and 180). Episodic memory
comprised scores on the following tasks: immediate word recall
(number correct), delayed word recall (number correct), word
recognition (percentage correct), picture recognition (percentage
correct), numeric working memory (percentage correct), and
location learning recall (displacement score). Working memory
comprised scores on the following tasks: Corsi blocks (span
score) and numeric working memory (percentage correct). Speed
of information processing comprised the following measures
(reaction time in milliseconds of correct responses): simple
reaction time, choice reaction time, numeric working memory,
picture recognition, word recognition, digit vigilance, and
Stroop. These categorizations are consistent with other studies
that have used the COMPASS as an outcome measure (37, 38).
As a measure of visuospatial learning, a time x trial x group,
repeated-measures ANOVA was conducted on the displacement
scores (trials 1-6) on the location learning task. A visual
inspection of Q-Q plots and analysis of skewness and kurtosis
were used to assess the normality of residuals. This showed that
self-report data were normally distributed. However, COMPASS
scores were not normally distributed, so the data was winsorized
whereby scores more than 3 standard deviations from the mean

were substituted with the next highest value. Winsorizing is
a robust approach to normalize data (39) and improved the
normality of COMPASS data. To correct for violations of the
sphericity assumption, where required, degrees of freedom were
adjusted using the Greenhouse-Geisser approach. Participant
data were included in the analyses of self-report outcomes if
questionnaires were completed at day 30 [for missing values,
last observation carried forward]. All results were analyzed
using SPSS (version 26; IBM, Armonk, NY) using a critical
p-value of <0.05 for all analyses. Because of the exploratory
nature of this trial, the p-value was not adjusted for multiple
testing. However, by using a step-down analysis, the type 1
error rate was minimized, whereby the multivariate ANOVA
needed to be significant before proceeding to the exploration of
univariate analyses.

RESULTS

Study Population

Baseline Questionnaire and Demographic Information
As detailed in Figure 1, from 162 people who completed the
online screening survey, 59 people did not meet the eligibility
criteria, and 13 individuals withdrew consent to participate
in the study. Ninety people participated in the study and
78 completed the study. Background details and baseline
scores of the recruited sample are included in Tables2, 3.
Baseline demographics, questionnaire scores, and COMPASS
test results were equivalent in the active and placebo groups,
except for a slower reaction time in the numeric working
memory task in participants in the placebo group. Eleven
participants withdrew from the trial. Reasons for withdrawal
included no reason given (n = 4), increased life stressors (n
= 2), headaches (n = 2), worsening of an unrelated medical
condition (n = 1), muscle aches (n = 1), and inconsistent
capsule intake (n = 1).

Outcome Measures
Primary Outcome Measure: COMPASS Scores
Changes in the cognitive tasks and cognitive categories across
the two treatment conditions and ANOVA significance levels
are detailed in Table 4. Repeated-measure MANOVAs revealed
there was a statistically-significant between-group difference in
change scores for episodic memory (Fs57, = 3.74, p = 0.005)
but not working memory (F275 = 0.10, p = 0.903) or speed of
performance (F779 = 0.44, p = 0.873). From baseline to day 180,
episodic memory [immediate word recall (percentage correct),
delayed word recall (percentage correct), location learning
recall (displacement score), word recognition (percentage
correct), and picture recognition (percentage correct) scores]
increased significantly in the lutein/zeaxanthin group (Fs 36
= 3.07, p = 0.021) but not the placebo group (Fsg3;
= 196, p = 0.112). Including baseline reaction time in
numeric working memory as a covariate did not affect
statistical outcomes.

An examination of individual COMPASS tasks revealed
there were between-group differences in change scores
for the correct responses in the picture recognition
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TABLE 2 | Baseline demographics details and questionnaire scores.

Placebo (n = 45) Lutein/zeaxanthin (n = 45) p-value

Age Mean 60.04 58.78 0.480°
SE 1.27 1.26

Sex Female (n) 35 36 0.796°
Male (n) 10 9

BMI Mean 2712 27.20 0.9342
SE 0.59 0.67

Systolic blood pressure (mmHg) Mean 126.60 128.89 0.5012
SE 2.29 2.50

Diastolic blood pressure (mmHg) Mean 82.58 82.89 0.866%
SE 1.17 1.42

Marital status Single 18 11 0.114P
Married/ defacto 27 34

Educational level Secondary 20 16 0.435°
Tertiary 17 16
Post-graduate 8 13

Exercise level (n) Never/ rarely 8 7 0.519°
110 2 times a week 5 10
3 to 5 times a week 15 15
6+ times a week 17 13

Taking any prescription medication Yes 21 26 0.291°

Taking nutraceutical/ phytoceutical Yes 25 21 0.399°

TICS score Mean 26.87 27.40 0.4612
SE 0.56 0.46

CFQ - Total score Mean 43.16 43.33 0.9462
SE 1.57 2.10

BRIEF-A Behavioral Regulation Mean 45.42 44.78 0.7352
SE 1.21 1.46

BRIEF-A Metacognition Mean 66.84 65.87 0.7282
SE 1.91 2.05

PROMIS-29 Physical Function Mean 18.98 19.18 0.5932
SE 0.28 0.25

PROMIS-29 Anxiety Mean 7.1 7.40 0.7562
SE 0.83 0.41

PROMIS-29 Depression Mean 6.07 6.44 0.503?2
SE 0.42 0.38

PROMIS-29 Fatigue Mean 10.40 10.02 0.6482
SE 0.58 0.59

PROMIS-29 Sleep disturbances Mean 11.58 10.56 0.1742
SE 0.60 0.45

PROMIS-29 Ability to participate in social roles and activities Mean 16.18 16.16 0.9772
SE 0.57 0.54

PROMIS-29 Pain interference Mean 6.84 6.29 0.4392
SE 0.556 0.45

PROMIS-29 Pain intensity Mean 2.38 1.84 0.203?2
SE 0.32 0.266

POMS-A Total Mood Disturbance Mean 90.69 91.02 0.9142
SE 1.84 2.46

aIndependent samples t-test; ® Chi-square analysis.

(F1,76 = 11.88, p = 0.001) and location learning recall
(F1,76 = 7.86, p = 0.006) tasks. In the lutein/zeaxanthin
group there was an improved performance in the picture

recall tasks (Fy40
to day 180.

recognition (F14 = 8.33, p = 0.006) and location learning
6.00, p = 0.019) from baseline
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TABLE 3 | Baseline COMPASS scores.

Placebo (n = 45) Lutein/zeaxanthin (n = 45) p-value?

Immediate word recall (n) Mean 5.18 5.47 0.469
SE 0.28 0.28

Delayed word recall (n) Mean 3.07 3.18 0.804
SE 0.30 0.33

Simple reaction time (ms) Mean 368.75 355.27 0.383
SE 10.15 11.63

Choice reaction time correct (%) Mean 98.04 98.44 0.368
SE 0.29 0.33

Choice reaction time for correct responses (ms) Mean 593.33 559.79 0.063
SE 12.58 12.64

Location learning trial 1 (displacement score) Mean 16.58 14.91 0.330
SE 1.36 1.02

Location learning trial 2 (displacement score) Mean 10.02 10.27 0.876
SE 1.18 1.02

Location learning trial 3 (displacement score) Mean 7.27 5.47 0.195
SE 1.13 0.80

Location learning trial 4 (displacement score) Mean 4.93 4.33 0.653
SE 1.04 0.83

Location learning trial 5 (displacement score) Mean 2.60 2.64 0.955
SE 0.58 0.54

Location learning recall (displacement score) Mean 418 3.73 0.637
SE 0.84 0.63

Numeric working memory correct (%) Mean 93.85 94.67 0.480
SE 0.92 0.68

Numeric working memory reaction time for correct responses (ms) Mean 1,213.00 1,098.80 0.039
SE 39.26 37.78

Word recognition correct (%) Mean 76.89 76.59 0.886
SE 1.41 1.49

Word recognition reaction time for correct responses (ms) Mean 1,399.35 1,357.50 0.639
SE 57.15 68.06

Picture recognition correct (%) Mean 96.15 94.22 0.097
SE 0.69 0.91

Picture recognition reaction time for correct responses (ms) Mean 1,036.03 1,001.78 0.326
SE 27.26 21.39

Corsi blocks span score Mean 5.15 5.27 0.591
SE 0.17 0.14

Digit vigilance correct (%) Mean 90.17 92.15 0.200
SE 117 0.98

Digit vigilance reaction time for correct responses (%) Mean 471.44 469.23 0.767
SE 5.80 4.63

Stroop correct (%) Mean 97.28 96.50 0.487
SE 0.62 0.92

Stroop reaction time for correct (ms) Mean 1,313.24 1,291.83 0.754
SE 47.04 49.15

aIndependent samples t-test.

In the location learning task (comprising 5 learning  statistically-significant time x group interaction indicating an
and one recall trial), a repeated-measures ANOVA time x  overall better performance on the location learning task in the
group x trial analysis revealed a non-significant interaction lutein/zeaxanthin group compared to the placebo group (Fy76 =
(Fs330 =0.587, p = 0.710) (Table5). However, there was a  11.60, p = 0.001) (Figure 2).
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TABLE 4 | Change in COMPASS tasks.

Placebo (n = 37) Lutein/Zeaxanthin (n = 41) Univariate Multivariate
between-group between-group
p-value® p-value®
Day 0 Day 180 Change p-value? Day 0 Day 180 Change p-value?

Measures of episodic memory

Immediate word recall (n) Mean 5.24 5.46 0.22 0.5632 5.41 5.88 0.46 0.110 0.577 0.005
SE 0.33 0.37 0.34 0.30 0.36 0.28

Delayed word recall (n) Mean 3.03 3.32 0.30 0.316 3.10 3.66 0.56 0.060 0.525
SE 0.34 0.36 0.29 0.34 0.38 0.29

Location learning recall (displacement Mean 4.24 5.89 1.65 0.115 3.51 1.49 —2.02 0.019 0.006

score) SE 0.90 0.92 1.02 0.66 0.71 0.83

Word recognition correct (%) Mean 77.66 76.49 —-1.17 0.535 76.50 76.67 0.16 0.918 0.584
SE 1.56 1.85 1.87 1.54 1.54 1.57

Picture recognition correct (%) Mean 96.58 94.42 —2.16 0.045 94.80 97.15 2.36 0.006 0.001
SE 0.66 1.01 1.04 0.80 0.54 0.82

Measures of speed of performance

Simple reaction time (ms) Mean 370.54 360.01 —10.58 0.405 355.13 347.50 —7.63 0.435 0.853 0.873
SE 10.96 11.86 12.51 11.97 11.60 9.67

Choice reaction time for correct Mean 588.96 560.19 —28.78 0.024 563.86 554.10 —9.76 0.364 0.242

responses (Ms) SE 138.70 10.72 12.23 13.30 12.71 10.62

Numeric working memory reaction Mean 1,178.86 1,126.99 -51.87 0.087 1,117.24 1,086.92 —-30.32 0.349 0.624

time for correct responses (ms) SE 38.49 34.92 29.46 40.08 32.61 31.99

Word recognition reaction time for Mean 1,388.79 1,356.84 —31.95 0.662 1,309.05 1,306.40 —2.65 0.955 0.730

correct responses (Ms) SE 57.28 62.93 72.56 59.80 59.34 46.71

Picture recognition reaction time for Mean 1,026.32 1,021.15 —5.17 0.843 1,003.87 1,061.95 58.07 0.119 0.170

correct responses (Ms) SE 26.94 30.06 25.91 22.71 36.88 36.49

Digit vigilance reaction time for Mean 471.40 478.53 713 0.191 468.11 471.57 3.46 0.378 0.575

correct responses (Ms) SE 6.53 6.30 5.35 4.45 3.98 3.88

Stroop reaction time for correct Mean 1,336.79 1,273.22 —63.58 0.218 1,310.36 1,270.80 —39.56 0.525 0.768

responses (Ms) SE 54.45 45.31 50.74 52.36 43.16 61.77

Working memory

Corsi blocks (span score) Mean 5.16 5.20 0.04 0.848 5.23 5.18 —0.05 0.760 0.729 0.903
SE 0.18 0.19 0.19 0.15 0.16 0.16

Numeric working memory Mean 93.45 93.81 0.36 0.710 94.58 95.29 0.71 0.294 0.765

(percentage correct) SE 1.10 0.92 0.96 0.74 0.66 0.66

Other COMPASS tasks

Choice reaction time correct (%) Mean 97.84 98.38 0.54 0.106 98.39 98.83 0.44 0.183 0.826 NA

(Continued)
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0.82

0.58

0.92

0.67

0.46

0.74

SE

2Repeated-measures ANOVA; P Repeated-measures ANOVA, time x group interaction with medication and supplement use entered as covariates.

Secondary Outcome Measures: Self-Report
Questionnaires

Changes in scores on the self-report questionnaires across the
two conditions and repeated measures ANOVA significance
levels are detailed in Table 6. A multivariate analysis showed
there was no statistically-significant time x group interaction
comprising the POMS-A total mood disturbances score,
PROMIS-29 sub-scale scores, and the CFQ total score (p =
0.301); or the BRIEF-A index scores (p = 0.771). There were
statistically-significant reductions in the total CFQ score and the
BRIEF-A index scores (behavioral regulation and metacognition
index) in both the lutein/zeaxanthin and placebo groups.

Intake of Supplements

Bottles with remaining capsules were returned on the day
180 assessment, and a daily medication monitoring phone
application was completed by participants. Based on these details,
96% of participants who completed the study took >80% of
their capsules.

Efficacy of Participant Blinding

To assess the effectiveness of condition concealment, at the end
of the study, participants were asked to predict group allocation
(i.e., placebo, lutein/zeaxanthin, or unsure). Group concealment
was satisfactory as 80% of participants were either unsure or
incorrectly predicted group allocation.

Adverse Events

The incidence of self-reported adverse events is detailed in
Table 7. There was a trend for more self-reported adverse events
in the placebo group (n = 12) compared to the lutein/zeaxanthin
group (n = 8). No serious adverse events were reported
by participants, although two participants withdrew due to
reported ongoing headaches (one in the placebo and one in the
lutein/zeaxanthin group), and one person withdrew due to self-
reported muscle pain (placebo group). There were no reports
of any adverse events in 77% of participants. There were no
statistically-significant between-group differences in changes in
BMI (p = 0.615), systolic (p = 0.318), or diastolic (p = 0.849)
blood pressure over time.

DISCUSSION

In this 6-month, randomized, double-blind, placebo-controlled
trial, supplementation with lutein and zeaxanthin at a daily
dose of 10 and 2 mg, respectively, was associated with greater
improvements in visual episodic memory compared to the
placebo. Superior improvements in visual learning, as measured
by the computerized location learning task, were also observed.
However, there were no other between-group differences in
changes in other computer-based cognitive tasks and self-report
measures of executive function, memory, mood, or physical
function. Lutein and zeaxanthin supplementation was well-
tolerated with no reports of significant adverse effects.

The effects of lutein and zeaxanthin on cognitive performance
have been investigated in several human trials. Consistent
with the findings from this study, improvements in visual
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TABLE 5 | Change in location learning scores.

Placebo (n = 37)

Lutein/zeaxanthin (n = 41)

Time x group Time x trial x group

interaction interaction
Location learning trial 1 Mean 17.08 19.57 14.98 15.05 0.001 0.710
(displacement score) SE 1.53 1.20 1.10 0.98
Location learning trial 2 Mean 10.32 12.84 9.90 7.37
(displacement score) SE 1.28 1.21 1.05 0.94
Location learning trial 3 Mean 714 8.73 5.44 4.41
(displacement score) SE 1.19 1.02 0.86 0.84
Location learning trial 4 Mean 514 6.35 4.27 2.07
(displacement score) SE 1.14 0.89 0.87 0.67
Location learning trial 5 Mean 2.62 4.35 2.32 0.71
(displacement score) SE 0.59 0.67 0.53 0.38
Location learning recall Mean 4.24 5.89 3.51 1.49
(displacement score) SE 0.90 0.92 0.66 0.71
A decrease in score indicates an improvement in performance.
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FIGURE 2 | Change in Performance on the Location Learning Task from Baseline to Day 180.

memory and performance have identified in several studies.
In a placebo-controlled study on young adults aged 18-30
years, 12 months of lutein and zeaxanthin supplementation
administered at the equivalent dose used in this study was
associated with improvements in an immediate and 30-min
delayed visual memory task comprising the presentation of
shapes and symbols (23). In another 12-month, placebo-
controlled trial on adults aged 18 years and older with a
mean age of 45 years, supplementation with lutein, zeaxanthin,
and meso-zeaxanthin improved performance on visual episodic
memory as measured by a paired-associated learning task (25).
Improvements in verbal recognition memory were also observed.
Consistent with the results from these studies, improvements
in visual episodic memory as measured by a 30-min delayed
picture recognition task and location learning task were observed
in this study. Further confirmation of improvements in visual
cognitive performance is provided by superior performance on a
computerized location learning task. Compared to the placebo,
participants in the lutein and zeaxanthin group consistently
performed better at each trial. The results from this trial suggest

that supplementation with lutein and zeaxanthin may improve
visual memory and learning in people aged 40-75 years (average
age of 59 years), and when delivered over a shorter treatment
duration (6 months) compared to previous trials (12 months).
However, the findings from this study do contrast with the
findings from a 12-month study conducted on community-
dwelling older adults where supplementation was associated with
increases in complex attention, cognitive flexibility and executive
function, but not visual memory (22). Differences in the age of
the populations recruited (mean age of 74 years vs. 59 years in this
study) and length of supplementation (12 months vs. 6 months in
this study) may account for the discrepancy in these findings.
The effects of lutein and zeaxanthin on visual memory
and performance may have important implications for the
prevention of cognitive decline as a relationship between visual
memory and cognitive decline has been identified. In a 2-
year longitudinal study, better visual memory was associated
with a lower risk of cognitive deterioration up to 2 years later
(40). In another study, a poorer spatial delayed recall was
associated with more rapid conversion from pre-MCI to MCI.
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TABLE 6 | Change-in-self-report-questionnaires.

Placebo (n = 45) Lutein/zeaxanthin (n = 45) Univariate = Multivariate
between- between-
group group
p-value® p-value®
Day 0 Day 30 Day 60 Day 90 Day Day Day Change p-value? Day 0 Day 30 Day 60 Day 90 Day Day Day Change p-value?
120 150 180 120 150 180

POMS-A Total Mean  90.69 94.07 9149 93.11 90.87 89.47 90.91 0.22 0421  91.02 9216 94.38 9124 0213 093.64 8851 —2.51 0.139 0.210 0.301
Mood Disturbance SE 184 230 219 242 237 218 3.02 2.87 246 277 288 282 293 270 243 2.43
PROMIS-29 Mean 1898 19.00 19.07 1871 19.07 19.22 19.09 0.11 0.798 19.18 1891 18.82 18.36 1867 1876 18.67 —0.51 0.407 0.810
Physical function SE 028 022 028 048 024 0.21 0.26 0.22 0.25 0.31 0.34 054 043 035 036 0.26
PROMIS-29 Mean 7.1 6.00 593 636 6.09 58 636 076 0.090 740 660 693 620 6.51 6.42  6.62 —0.78 0.014 0.561
Anxiety SE 083 035 034 03 036 032 035 0.74 0.41 042 047 037 042 040 038 0.36
PROMIS-29 Mean 6.07 549 538 584 562 567 551 —0.56 0.314 6.44 589 624 589 6.31 6.27  6.09 -0.36 0.613 0.693
Depression SE 042 034 029 039 034 032 032 0.35 0.38 0.38 0.41 0.37 044 043 041 0.39
PROMIS-29 Mean 1040 927 882 896 891 860 936 —1.04 0.001 10.02 9.04 949 953 876 938 924 -0.78 0.292 0.388
Fatigue SE 058 053 058 053 048 045 049 0.50 059 049 056 050 050 058 054 0.55
PROMIS-29 Mean 11.58 11.00 10.87 10.76 10.11 10.64 10.67 —0.91 0.131 1056 9.96 10.62 10.16 9.62 9.87 9.78 -0.78 0.145 0.869
Sleep disturbance SE 060 057 060 059 054 053 052 0.63 045 046 050 050 0.51 0.54  0.53 0.48
PROMIS-29 Social Mean 16.18 16.40 16.87 16.78 16.62 16.76 16.82 0.64 0.647 16.16 16.24 16.09 16.09 16.47 16.38 16.18 0.02 0.985 0.866
roles and activities SE 057 053 053 052 053 050 056 0.45 054 057 059 057 059 059 055 0.56
PROMIS-29 Pain Mean 6.84 718 673 673 6.84 676 7.04 0.20 0.916 629 640 676 640 6.04 644 673 0.44 0.719 0.838
interference SE 056 063 054 057 058 062 065 0.42 045 052 046 053 044 053 056 0.59
PROMIS-29 Pain Mean 238 276 258 284 256 258 258 0.20 0.745 184 269 273 233 213 247 264 0.80 0.011 0.399
intensity SE 0.32 038 034 037 037 037 037 0.31 0.27  0.31 032 035 032 036 037 0.32
CFQ Mean  43.16 37.02 3340 3291 33.13 31.67 3424 -891 <0.001 4333 37.51 3562 3382 33.11 33.33 3458 -876 <0.001 0.759

SE 1.57 144 144 154 152 162 158 1.46 210 206 18 1.8 194 188 207 1.41
BRIEF-A Behavioral Mean  45.42 42.00 41.91 42.82 —-260 <0.001 44.78 42,16 42.87 4298 —1.80 0.002 0.554 0.771
regulation index SE 1.21 1.44 1.39 1.56 0.93 1.46 1.41 1.58 1.40 0.74
BRIEF-A Mean  66.84 62.29 61.84 63.36 —3.49 <0.001 65.87 60.87 61.71 62.73 —-3.13  <0.001 0.839
Metacognition index SE 1.91 1.80 2.03 2.01 1.28 2.05 1.97 2.13 2.08 1.14

aRepeated-measures ANOVA, P Repeated-measures ANOVA, time x group interaction.
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TABLE 7 | Frequency of self-reported adverse events.

Placebo Lutein/zeaxanthin
Digestive disturbances 3 3
Headache 1 3
Sleep disturbances 2 1
Muscle pain 2
Nausea 1
Weight gain 1
Skin rash 1
Dizziness 1
Dry mouth 1
Total number of adverse effects 12 8

Specifically, pre-MCI older-age individuals with superior delayed
spatial memory had a 3.8 times higher probability of stabilized
cognitive performance compared to individuals with inferior
spatial memory (41). Moreover, in a longitudinal study, poorer
visual memory performance was associated with an increased
risk of Alzheimer’s disease up to 15 years later (42). The location
learning task, a measure of visuospatial learning and recall, is
also impaired in adults with dementia, older adults, and stroke
sufferers (43, 44).

How lutein and zeaxanthin may improve memory requires
further investigation and was not examined in this study. Because
episodic memory is believed to be affected by neural components
in the cortex (parahippocampal cortex, perirhinal cortex, and
the entorhinal cortex), cortical and subcortical structures,
and circuits within the hippocampus and medial temporal
lobe, it is possible that lutein and zeaxanthin strengthened
memory processes in these brain regions (45). Visual memory,
in particular, is associated with activation of both anterior
and posterior temporal cortices. Posterior temporal cortical
regions seem to be involved in the retrieval of category-specific
aspects of visual memory, while anterior areas of the temporal
cortex are involved with category-independent visual memory
(46). Moreover, deficits in spatial memory can occur after
damage to the hippocampus (47) or parietal cortex lesions
(48, 49), making these brain regions other potential areas
targeted by lutein and zeaxanthin. Lutein and zeaxanthin may
provide neuroprotection in these brain regions due to their
antioxidant and anti-inflammatory properties (11, 50). Animal
studies have also indicated lutein and zeaxanthin may reduce
neurodegeneration by improving neurotrophic factors and
synaptic proteins, and oxidative capacity in the cerebral cortex
(51). In a human trial, 6 months of daily supplementation with
macular xanthophylls (lutein, zeaxanthin and the zeaxanthin
isomer meso-zeaxanthin) in healthy, young adults reduced serum
interleukin-1p, and increased serum antioxidant capacity and
brain-derived neurotrophic factor (52).

STUDY LIMITATIONS AND DIRECTIONS
FOR FUTURE RESEARCH

Even though the results from this study suggest that
supplementation with lutein and zeaxanthin is associated

with improvements in visual memory and learning, several
study limitations influence the robustness and generalizability
of the findings. As participants were assessed on two occasions,
6-months apart, a portion of the improvements in cognitive
performance may be associated with practice effects. However,
because greater visual memory and learning improvements
were observed in the active treatment group, lutein and
zeaxanthin seem to have additional influences in these areas.
Visual memory and learning were assessed by a 30-min delayed
picture recognition task, a computerized location learning
task (5 trials), and a 30-min delayed computerized location
learning recall task. An examination into the effects of lutein
and zeaxanthin supplementation over varying recall periods
will be important to understand the sustainability of these
ingredients on visual performance. Cognitive tests were also
assessed using computer-based tasks where participants were
required to complete tasks in a non-distracting environment.
The real-world implications of improvements in cognitive
performance, therefore, require further investigation. Moreover,
despite improvements identified in visual memory computer-
based tasks, results from self-report measures of memory and
executive function indicated no between-group differences over
time. In future trials, a more comprehensive battery of visual
memory tasks, accompanied by objective tests such as measures
in neural activity including functional magnetic resonance
imaging, electroencephalogram activity, and neuroimaging, will
help clarify the effects of lutein and zeaxanthin on the brain
during a visual task. In a study by Mewborn et al. (53), 12 months
of lutein and zeaxanthin supplementation in older-age adults
had no significant effect on changes in global brain volume
including global gray matter, global white matter, and white
matter hypo-intensity. Because changes in MPOD provide a
measure of lutein and zeaxanthin concentration in the brain
(8, 19), examining the relationship between changes in MPOD
and visual memory over time will also be helpful. Moreover,
it will be important to clarify whether people with reduced
MPOD experience greater cognitive benefits from lutein and
zeaxanthin supplementation. Measurements of changes in blood
concentrations of lutein and zeaxanthin, and monitoring of the
dietary intake of lutein and zeaxanthin will also be important.
This is especially pertinent as conducting studies on nutrients
that are contained in everyday foods can be challenging and
ideally should be adequately monitored or controlled for in
clinical trials. In future studies, it will be helpful to understand
the potential mechanisms associated with lutein and zeaxanthin
supplementation. An investigation into changes in markers
of inflammation, oxidative stress, and neurotrophins such as
brain-derived neurotrophic factor, and their relationship with
changes in cognitive performance will be important. In this
study, healthy, community-dwelling adults aged 40 to 75 years,
with self-reported memory complaints were recruited. The
effects of lutein and zeaxanthin supplementation in people
diagnosed with MCI or neurodegenerative diseases such as
Alzheimer’s disease requires further investigation. The effects
of supplementation on cognitive function across diverse age
groups, as a preventative or treatment for cognitive impairment,
for more extended treatment periods, and at different doses will
also help to further clarify the benefits of lutein and zeaxanthin
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supplementation. Lutein and zeaxanthin administration has
also been associated with improvements in visual function,
which could account for the changes in visual memory observed
in this study. Assessing changes in visual function over time
and their relationship to changes in visual memory will
be helpful.

In summary, the results from this study suggest that
supplementation with lutein and zeaxanthin for 6 months
in community-dwelling adults with self-reported cognitive
complaints is associated with improvements in visual
memory and learning. However, the treatment had no
other effect on other computer-based measures of cognitive
performance or self-report measures of cognition, memory,
mood, or physical function. Further trials will be essential
to clarify the potential benefits of lutein and zeaxanthin
supplementation in diverse populations over varying
intervention periods, and utilizing additional measures of
change in cognitive performance and neurological activity
over time.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this
article will be made available by the authors, without
undue reservation.

REFERENCES

1. Perry A, Rasmussen H, Johnson EJ. Xanthophyll (lutein, zeaxanthin) content
in fruits, vegetables and corn and egg products. Food Compost Anal. (2009)
22:9-15. doi: 10.1016/}.jfca.2008.07.006

2. Abdel-Aal El SM, Akhtar H, Zaheer K, Ali R. Dietary sources of lutein
and zeaxanthin carotenoids and their role in eye health. Nutrients. (2013)
5:1169-85. doi: 10.3390/nu5041169

3. Becerra MO, Contreras LM, Lo MH, Diaz JM, Herrera GC. Lutein as a
functional food ingredient: Stability and bioavailability. ] Funct Foods. (2020)
66:103771. doi: 10.1016/j.jf£.2019.103771

4. Johnson EJ, Vishwanathan R, Johnson MA, Hausman DB,
Davey A, Scott TM, et al. Relationship between serum and
brain  carotenoids, alpha-tocopherol, and retinol concentrations
and cognitive performance in the oldest old from the georgia

centenarian study. ] Aging Res. (2013) 2013:951786. doi: 10.1155/2013/951786

5. Vishwanathan R, Kuchan M], Sen S, Johnson EJ.
preterm infants with decreased concentrations of brain carotenoids.
] Pediatr Gastroenterol Nutr. (2014) 59:659-
65. doi: 10.1097/MPG.0000000000000389

6. Johnson EJ. A possible role for lutein and zeaxanthin in cognitive
function in the elderly. Am ] Clin Nutr. (2012) 96:1161S—5S.
doi: 10.3945/ajcn.112.034611

7. Craft NE, Haitema TB, Garnett KM, Fitch KA, Dorey CK. Carotenoid,
tocopherol, and retinol concentrations in elderly human brain. ] Nutr Health
Aging. (2004) 8:156-62.

Lutein and

8. Vishwanathan R, Neuringer M, Snodderly DM, Schalch W,
Johnson EJ. Macular lutein and zeaxanthin are related to
brain lutein and zeaxanthin in primates. Nutr Neurosci. (2013)
16:21-9. doi: 10.1179/1476830512Y.0000000024

9. Mohn ES, Erdman JW, Kuchan M], Neuringer M, Johnson EJ.
Lutein accumulates in subcellular membranes of brain regions
in adult rhesus macaques: relationship to DHA  oxidation
products. PLoS ONE. (2017) 12:0186767.

doi: 10.1371/journal.pone.0186767

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by National Institute of Integrative Medicine. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

AL and SS designed the research study and conducted the
research. AL, PD, and SS wrote the paper. All authors read and
approved the final manuscript.

FUNDING

This study received funding from Bio-gen Extracts Pvt., Ltd.
The funder was not involved in data collection, analysis,
interpretation of data, writing of the manuscript, or the decision
to submit it for publication.

ACKNOWLEDGMENTS

The authors gratefully acknowledge Bio-gen Extracts Pvt., Ltd.,
for funding the project and for supplying the capsules used in
this study.

. Perrone S, Tei M, Longini M, Buonocore G. The Multiple Facets of Lutein:
A call for further investigation in the perinatal period. Oxid Med Cell Longev.
(2016) 2016:5381540. doi: 10.1155/2016/5381540

. Demmig-Adams B, Lopez-Pozo M,
3rd WWw. Zeaxanthin
anti-inflammatories, and brain
25:3607. doi: 10.3390/molecules25163607

. Yuan C, Fondell E, Ascherio A, Okereke OI, Grodstein
Hofman A, et al. Long-term intake of dietary carotenoids
positively associated with late-life subjective cognitive function in a
prospective study in US J  Nutr. (2020) 150:1871-
9. doi: 10.1093/jn/nxaa087

. Zuniga KE, Bishop NJ, Turner AS. Dietary
zeaxanthin associated with working ~memory
population. Public Health Nutr. (2021)
15. doi: 10.1017/S1368980019005020

K, Gleason CE,
and  cognitive function among
2011-2014. Nutr Neurosci.
62. doi: 10.1080/1028415X.2018.1533199

. Feeney ], Oleary N, Moran R, O’halloran AM, Nolan JM, Beatty
S, et al. Plasma lutein and zeaxanthin are associated with better
cognitive function across multiple domains in a large population-based
sample of older adults: findings from the irish longitudinal study on
aging. ]| Gerontol A Biol Sci Med Sci. (2017) 72:1431-
6. doi: 10.1093/gerona/glw330

. Ajana S, Weber D, Helmer C, Merle BM, Stuetz W, Dartigues JE et
al. Plasma concentrations of lutein and zeaxanthin, macular pigment
optical density, and their associations with cognitive performances among
older adults. Invest  Ophthalmol  Vis  Sci. (2018)  59:1828-
35. doi: 10.1167/i0vs.17-22656

. Mewborn CM, Lindbergh CA, Robinson TL, Gogniat MA, Terry DP,
Jean KR, et al. Lutein and zeaxanthin are positively associated with
visual-spatial functioning in older adults: an fmri study. Nutrients. (2018)
10:458. doi: 10.3390/nu10040458

1], Adams
photoprotectors,
Molecules. (2020)

Stewart
lutein:
food.

and

E

is

women.

lutein  and

an older
24:1708-

are in

carotenoids
NHANES
23:554-

. Christensen Mares JA. Dietary
US  adults,

(2020)

Frontiers in Nutrition | www.frontiersin.org

13

February 2022 | Volume 9 | Article 843512


https://doi.org/10.1016/j.jfca.2008.07.006
https://doi.org/10.3390/nu5041169
https://doi.org/10.1016/j.jff.2019.103771
https://doi.org/10.1155/2013/951786
https://doi.org/10.1097/MPG.0000000000000389
https://doi.org/10.3945/ajcn.112.034611
https://doi.org/10.1179/1476830512Y.0000000024
https://doi.org/10.1371/journal.pone.0186767
https://doi.org/10.1155/2016/5381540
https://doi.org/10.3390/molecules25163607
https://doi.org/10.1093/jn/nxaa087
https://doi.org/10.1017/S1368980019005020
https://doi.org/10.1080/1028415X.2018.1533199
https://doi.org/10.1093/gerona/glw330
https://doi.org/10.1167/iovs.17-22656
https://doi.org/10.3390/nu10040458
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Lopresti et al.

Lutein/Zeaxanthin on Cognitive Function

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Cannavale CN, Hassevoort KM, Edwards CG, Thompson SV,
Burd NA, Holscher HD, et al. Serum lutein is related to
relational memory performance. Nutrients. (2019)
11:768. doi: 10.3390/nu11040768

Vishwanathan R, Schalch W, Johnson EJ. Macular pigment
carotenoids in the retina and occipital cortex are related in
humans. Nutr Neurosci. (2016) 19:95-101.
doi: 10.1179/1476830514Y.0000000141

Renzi LM, Dengler M]J, Puente A, Miller LS, Hammond BR.

Relationships between macular pigment optical density and cognitive

function in unimpaired and mildly cognitively impaired older
adults. Neurobiol Aging. (2014) 35:1695-
9. doi: 10.1016/j.neurobiolaging.2013.12.024

Kelly D, Coen RF Akuffo KO, Beatty S, Dennison J,

Moran R, et al. Cognitive function and its relationship with macular pigment
optical density and serum concentrations of its constituent carotenoids.
] Alzheimers Dis. (2015) 48:261-77. doi: 10.3233/JAD-
150199

Hammond BR, Miller LS, Bello MO, Lindbergh CA, Mewborn C, et al.
Effects of lutein/zeaxanthin supplementation on the cognitive function
of community dwelling older adults: a randomized, double-masked,
placebo-controlled trial. Front Aging (2017)
9:254. doi: 10.3389/fnagi.2017.00254

Renzi-Hammond LM, Bovier ER, Fletcher LM, Miller LS, Mewborn CM,
Lindbergh CA, et al. Effects of a lutein and zeaxanthin intervention
on cognitive function: a randomized, double-masked, placebo-
controlled trial of younger healthy adults. Nutrients. (2017) 9:1246.
doi: 10.3390/nu9111246

Chew EY, Clemons TE, Agron E, Launer L], Grodstein E Bernstein
PS, et al. Effect of omega-3 fatty acids, lutein/zeaxanthin, or other
supplementation on  cognitive the AREDS2
randomized clinical trial. JAMA. 314:791-
801. doi: 10.1001/jama.2015.9677

Power R, Coen REF, Beatty S, Mulcahy R, Moran R, Stack J, et al.
supplemental retinal carotenoids enhance memory in healthy individuals
with low levels of macular pigment in a randomized, double-blind,
placebo-controlled clinical trial. ] Alzheimers Dis. (2018) 61:947-
61. doi: 10.3233/JAD-170713

Kroenke K, Spitzer RL, Williams JB, Lowe B. An ultra-brief screening scale
for anxiety and depression: the PHQ-4. Psychosomatics. (2009) 50:613-
21. doi: 10.1176/appi.psy.50.6.613

Bentvelzen AC, Crawford JD, Theobald A, Maston K, Slavin
M]J, Reppermund S, et al. Validation and normative data for the
modified  telephone status: the Sydney
memory and ageing (2019) 67:2108-
15. doi: 10.1111/jgs.16033

De Jager CA, Budge MM, Clarke R. Utility of TICS-M for the assessment
of cognitive function in older adults. Int ] Geriatr Psychiatry. (2003) 18:318-
24. doi: 10.1002/gps.830

Ceravolo SA, Hammond BR, Oliver W, Clementz B, Miller LS,
Renzi-Hammond LM. Dietary carotenoids lutein and zeaxanthin
change brain activation in older adult participants: a randomized,
double-masked, placebo-controlled trial. Mol Nutr Food Res. (2019)
63:€1801051. doi: 10.1002/mnfr.201801051

Kennedy DO, Wightman EL, Forster J, Khan ], Haskell-Ramsay
CE Jackson PA. Cognitive and mood effects of a nutrient enriched

Neurosci.

function:
(2015)

nutrient

interview for cognitive
study. J Am Geriatr Soc.

breakfast bar in healthy adults: a randomised, double-blind,
placebo-controlled,  parallel  groups  study.  Nutrients. ~ (2017)
9:1332. doi: 10.3390/nu9121332

Lopresti AL, Smith ], Majeed M, Drummond PD. Effects
of an oroxylum indicum extract (Sabroxy((R))) on cognitive
function in adults with self-reported mild cognitive impairment:
a  randomized, double-blind,  placebo-controlled  study.  Front
Aging  Neurosci. ~ (2021)  13:728360.  doi:  10.3389/fnagi.2021.
728360

Roth RM, Isquith PK, Gioia GA. Behavior Rating Inventory of
Excutive  Function-  Adult  Version:  Professional ~Manual. Florida,

USA: PAR (2005).

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Grove JR, Prapavessis H. Preliminary evidence for the reliability and
validity of an abbreviated Profile of Mood States. Int J Sport Exerc Psychol.
(1992) 23:93-109.

Hays RD, Spritzer KL, Schalet BD, Cella D. PROMIS((R))-29 v2.0 profile
physical and mental health summary scores. Qual Life Res. (2018) 27:1885-
91. doi: 10.1007/s11136-018-1842-3

Broadbent DE, Cooper PFE, Fitzgerald P, Parkes KR. The Cognitive Failures
Questionnaire (CFQ) and its correlates. Br J Clin Psychol. (1982) 21:1-
16. doi: 10.1111/j.2044-8260.1982.tb01421.x

Bridger RS, Johnsen SA, Brasher K. Psychometric
of the cognitive failures questionnaire.  Ergonomics.
56:1515-24. doi: 10.1080/00140139.2013.821172

Kennedy D, Wightman E, Khan J, Grothe T, Jackson P. The acute and
chronic cognitive and cerebral blood-flow effects of nepalese pepper
(Zanthoxylum armatum DC.) extract-A randomized, double-blind,
placebo-controlled study in healthy humans. Nutrients. (2019) 11:3022.
doi: 10.3390/nu11123022

Wightman EL, Jackson PA, Forster J, Khan J, Wiebe JC, Gericke N,
et al. Acute effects of a polyphenol-rich leaf extract of Mangifera
indica L. (zynamite) on cognitive function in healthy adults: a double-
blind, placebo-controlled crossover study. Nutrients. (2020) 12:2194.
doi: 10.3390/nu12082194

Cleophas TJ. Clinical trials: robust tests are wonderful for imperfect data. Am
] Ther. (2015) 22:e1-5. doi: 10.1097/MJT.0b013e31824c3eel
Campos-Magdaleno M, Leiva D, Pereiro AX, Lojo-Seoane C, Mallo SC,
Facal D, et al. Changes in visual memory in mild cognitive impairment:
a longitudinal study with CANTAB. Psychol Med. (2021) 51:2465-
75. doi: 10.1017/S0033291720001142

Seo EH, Kim H, Choi KY, Lee KH, Choo IH. Pre-mild cognitive impairment:
can visual memory predict who rapidly convert to mild cognitive
impairment? Psychiatry Investig. (2018) 15:869-
75. doi: 10.30773/pi.2018.07.29.1

Kawas CH, Corrada MM, Brookmeyer R, Morrison A, Resnick
SM, Zonderman AB, et al. Visual memory predicts
disease more than a decade before diagnosis. Neurology.
60:1089-93. doi: 10.1212/01.WNL.0000055813.36504.BF

Bucks RS, Willison JR. Development and validation of the Location
Learning Test (LLT): a test of visuo-spatial learning designed for use
with older adults and in dementia. Clin Neuropsychol. (1997) 11:273-
86. doi: 10.1080/13854049708400456

Kessels RP, Nys GM, Brands AM, Van Den Berg E, Van
Zandvoort MJ. The modified Location Learning Test: norms for
the assessment of spatial memory function in neuropsychological
patients. Arch Clin Neuropsychol. (2006) 21:841-
6. doi: 10.1016/j.acn.2006.06.015

Camina E, Guell F. The neuroanatomical, neurophysiological and
psychological basis of memory: current models and their origins. Front
Pharmacol. (2017) 8:438. doi: 10.3389/fphar.2017.00438

Takeda M. Brain mechanisms of visual long-term memory retrieval

properties
(2013)

Alzheimer’s
(2003)

in primates. Neurosci Res. (2019) 142:7-15. doi: 10.1016/j.neures.
2018.06.005

Kessels RP, Hendriks M, Schouten J, Van Asselen M, Postma
A. Spatial memory deficits in patients after unilateral selective
amygdalohippocampectomy. ] Int  Neuropsychol ~ Soc.  (2004)

10:907-12. doi: 10.1017/S1355617704106140

Kessels RP, Jaap Kappelle L, De Haan EH, Postma A. Lateralization
of spatial-memory processes: evidence on spatial span, maze learning,
and memory for object locations. Neuropsychologia. (2002) 40:1465-
73. doi: 10.1016/S0028-3932(01)00199-3

Schott BH, Wustenberg T, Lucke E, Pohl IM, Richter A, Seidenbecher
CI, et al. Gradual acquisition of visuospatial associative memory
representations via the dorsal precuneus. Hum Brain Mapp. (2019)
40:1554-70. doi: 10.1002/hbm.24467

Kamoshita M, Toda E, Osada H, Narimatsu T, Kobayashi S, Tsubota K, et al.
Lutein acts via multiple antioxidant pathways in the photo-stressed retina. Sci
Rep. (2016) 6:30226. doi: 10.1038/srep30226

Orhan C, Erten E Er B, Tuzcu M, Sahin N, Durmaz Kursun
OE, et al. Lutein/zeaxanthin isomers regulate neurotrophic factors

Frontiers in Nutrition | www.frontiersin.org

February 2022 | Volume 9 | Article 843512


https://doi.org/10.3390/nu11040768
https://doi.org/10.1179/1476830514Y.0000000141
https://doi.org/10.1016/j.neurobiolaging.2013.12.024
https://doi.org/10.3233/JAD-150199
https://doi.org/10.3389/fnagi.2017.00254
https://doi.org/10.3390/nu9111246
https://doi.org/10.1001/jama.2015.9677
https://doi.org/10.3233/JAD-170713
https://doi.org/10.1176/appi.psy.50.6.613
https://doi.org/10.1111/jgs.16033
https://doi.org/10.1002/gps.830
https://doi.org/10.1002/mnfr.201801051
https://doi.org/10.3390/nu9121332
https://doi.org/10.3389/fnagi.2021.728360
https://doi.org/10.1007/s11136-018-1842-3
https://doi.org/10.1111/j.2044-8260.1982.tb01421.x
https://doi.org/10.1080/00140139.2013.821172
https://doi.org/10.3390/nu11123022
https://doi.org/10.3390/nu12082194
https://doi.org/10.1097/MJT.0b013e31824c3ee1
https://doi.org/10.1017/S0033291720001142
https://doi.org/10.30773/pi.2018.07.29.1
https://doi.org/10.1212/01.WNL.0000055813.36504.BF
https://doi.org/10.1080/13854049708400456
https://doi.org/10.1016/j.acn.2006.06.015
https://doi.org/10.3389/fphar.2017.00438
https://doi.org/10.1016/j.neures.2018.06.005
https://doi.org/10.1017/S1355617704106140
https://doi.org/10.1016/S0028-3932(01)00199-3
https://doi.org/10.1002/hbm.24467
https://doi.org/10.1038/srep30226
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Lopresti et al.

Lutein/Zeaxanthin on Cognitive Function

and synaptic plasticity in trained rats. Turk ] Med Sci. (2021)

51:2167-76. doi: 10.3906/sag-2101-264
Stringham NT, Holmes PV, Stringham JM. Effects

52. of macular

xanthophyll supplementation on brain-derived neurotrophic
factor, pro-inflammatory  cytokines, and cognitive performance.
Physiol ~ Behav.  (2019)  211:112650. doi:  10.1016/j.physbeh.2019.
112650

53. Mewborn CM, Lindbergh CA, Hammond BR, Renzi-Hammond LM,

Miller LS. The effects of lutein and zeaxanthin supplementation
on brain morphology in older adults: a randomized, controlled
trial. ] Aging Res. (2019) 2019:3709402. doi: 10.1155/2019/
3709402

Conflict of Interest: AL is the managing director of Clinical Research
Australia, a contract research organization that has received research funding
from nutraceutical companies. AL has also received presentation honoraria
from nutraceutical companies. SS is an employee of Clinical Research
Australia.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Lopresti, Smith and Drummond. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

15

February 2022 | Volume 9 | Article 843512


https://doi.org/10.3906/sag-2101-264
https://doi.org/10.1016/j.physbeh.2019.112650
https://doi.org/10.1155/2019/3709402
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	The Effects of Lutein and Zeaxanthin Supplementation on Cognitive Function in Adults With Self-Reported Mild Cognitive Complaints: A Randomized, Double-Blind, Placebo-Controlled Study
	Introduction
	Materials and Methods
	Study Design
	Sample Size Calculation
	Recruitment and Randomization
	Participants
	Interventions
	Outcome Measures
	Primary Outcome Measure
	Computerized Mental Performance Assessment System (COMPASS)

	Secondary Outcome Measures
	Behavior Rating Inventory of Executive Function—Adult Version (BRIEF-A)
	Profile of Mood States, Abbreviated Version (POMS-A)
	Patient-Reported Outcomes Measurement Information System-29 (PROMIS-29)
	Cognitive Failures Questionnaire (CFQ)
	Adverse Events


	Statistical Analysis

	Results
	Study Population
	Baseline Questionnaire and Demographic Information

	Outcome Measures
	Primary Outcome Measure: COMPASS Scores
	Secondary Outcome Measures: Self-Report Questionnaires
	Intake of Supplements
	Efficacy of Participant Blinding
	Adverse Events


	Discussion
	Study Limitations and Directions for Future Research
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


