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I. LITERATURE REVIEW

Cognitive decline is common among adults over the age of 70 and is the leading
cause of disability in older adults.? Adults suffering from cognitive decline are at risk
for dementia and reduced quality of life and independence.! Previous research suggests
that although it is important to promote cognitive health within this population, early
intervention may be more important to help maintain brain health and prevent early
cognitive decline.® There is significant research on modifiable lifestyle factors, such as
diet and exercise, that impact the cognitive development of children, and it is known that
cognitive health is central to their academic success.*° However, cognitive function in
young adults is equally important to examine, yet limited research in this population
exists. Although young adults are at their cognitive peak, there is evidence that cognitive
health can still be improved.®’ During aging, the ability to increase cognitive
development declines substantially; therefore, promoting cognitive health early may help
increase cognitive reserve and maintain cognitive function through aging.” In addition,
improving cognitive function in young adults may improve their academic and career
success.>8

Lutein as an Antioxidant

There are a variety of factors that can promote cognition, such as physical
activity, diet, and cognitive training.” A growing body of evidence suggests that higher
intakes of fruits and vegetables may promote cognitive development and reduce the risk
of cognitive decline in older adults.®%! A potential mechanism of the cognitive benefits
of fruit and vegetable intake is explained by the antioxidant properties of nutrients such

as carotenoids, vitamin C, and vitamin E, that are abundant in plant foods. Oxidative



stress and inflammation can promote neurodegeneration'?, and many cognitive diseases,
such as dementia and Alzheimer’s Disease (AD), have multiple causes including
oxidative stress.™® Therefore, dietary antioxidants may protect cognitive function through
blocking the formation of free radicals, reducing oxidative stress, and ultimately slowing
damage from neuroinflammation.

Lutein is a non-provitamin A dietary carotenoid that is in a variety of fruits and
vegetables, but is most abundant in dark green leafy vegetables such as kale and
spinach.'®*® Lutein is also found in corn, parsley, and egg-yolk.'® Different from
provitamin A carotenoids, lutein does not cleave into vitamin A molecules and is not
considered an essential nutrient. Lutein accumulates in the brain and eye, specifically
near the central part of the retina known as the macula during all stages of life. In fact,
lutein is the most prominent carotenoid in the brain.’® Lutein can protect against age-
related macular degeneration (AMD), by absorbing blue light that can damage the eye.*
Furthermore, high levels of oxidative stress and inflammation are found in patients in the
early stages of AMD and lutein aids in eye health through blocking the formation of free
radicals that may otherwise damage the eye. 1214

Macular Pigment Optical Density and Lutein Levels in the Brain

The carotenoids lutein, zeaxanthin, and meso-zeaxanthin accumulate in the
macula and can be measured by macular pigment optical density (MPOD).® MPOD has
been used as a biomarker for dietary intakes of lutein and zeaxanthin!’ and has been
shown to be responsive to dietary supplementation of lutein and zeaxanthin.*®° Previous
research has found that lutein concentrations in the brain are significantly correlated with

concentrations in the retina.’® In matching brain and retina tissue of deceased older



adults, retinal lutein was significantly correlated with lutein levels in the occipital
cortex.2® MPOD measures macular carotenoid levels in the retina, thus, MPOD can be a
useful biomarker for determining lutein levels in the brain.*®
MPOD and Cognitive Health in Older Adults and Children

Many studies have found lutein to be significantly associated with cognition and
risk of cognitive decline in older adults. In healthy older adults, higher MPOD values, a
biomarker of lutein, were significantly associated with higher recall, perceptual speed,
global cognition, processing speed, verbal learning and fluency.?* Moreover, in a
randomized, double-blind, placebo controlled intervention with 51 healthy older adults, 1
year of lutein and zeaxanthin supplementation improved MPOD scores and cognitive
performance in complex attention, cognitive flexibility, and executive function.*? Other
intervention studies on older adults have found similar results.? ?? The loss of cognitive
function in older adults can be explained by loss of lutein throughout the lifespan.®
Lutein is found in higher concentrations in an infant’s brain.* Full-term infants are
provided lutein through in utero accretion during the third trimester and research suggests
that infants are able to maintain lutein levels without dietary intake of lutein after birth.*
Lutein levels decrease as an infant ages giving way to the importance of dietary lutein
intake to help maintain healthy levels in the retina and brain. In addition, maintaining
high or improving MPOD levels in children is important. A study by Barnett el at. found
positive associations between academic performance and MPOD? in preadolescent
children, while controlling for other factors that may impact academic performance, such
as aerobic fitness, adiposity, sex, and 1Q. Students with higher MPOD values had better

academic performance, more specifically in written language and math.?® Therefore,



academic performance may be improved through increased intake of lutein.?® Academic
success, along with career success is also important in young adults. As discussed,
academic success may be improved through higher MPOD values as studies in older
adults suggest that increasing lutein intake may improve recall and increase brain
activity. 2* Therefore, lutein intake may improve intellectual wellness and cognitive
factors important for career success, in addition to academic success.?*

The Relationship Between Lutein, MPOD, and Cognitive Health in Young Adults

There is promising research concerning lutein, a dietary carotenoid containing

antioxidant and anti-inflammatory properties that may promote cognition.'41%-21
However, the majority of the research has been conducted in older adults and young
children. Very few studies have examined the relationship between cognitive function
and lutein in young adults. Therefore, promoting cognitive health through increasing
lutein intake in a young adult population may improve cognitive function, which is
important for school and career success and prevention of later life cognitive decline. A
recent study by Renzi-Hammond et al. examined cognition and MPOD in healthy young
adults (18-30 years old) that were provided lutein (10mg) and zeaxanthin (2mg)
supplementation for a year.® The study was a double-masked, randomized, placebo-
controlled trial design and MPOD and cognitive scores were measured every four
months. The researchers found that supplementation of lutein and zeaxanthin
significantly increased MPOD values and also led to significant improvements in
reasoning ability, spatial memory, and complex attention.® Improving these different
aspects of cognition in young adults may improve their academic and career success.>®

Although this study did find a correlation between cognitive function and MPOD, the



study did not account for other modifiable lifestyle factors that have been proven to
impact cognition including adiposity, aerobic fitness, and diet.
Other Factors Contributing to Cognitive Health

Multiple studies have shown that aerobic fitness in all age groups promotes
cognitive health and academic success.>®?® Such studies, have found a variety of
mechanisms through which aerobic activity aids in cognitive function, but overall a
higher aerobic fitness level results in a number of responses in organs and muscles that
alter and help regulate the structure and function of the brain.2 On the other hand,
adiposity is associated with lower cognitive function.?®?728 This is explained by the
reduced integrity of white matter tracts with increased adiposity, which has been shown
to cause executive and working memory dysfunction, less neural transmission speed, and
reduced information processing.?® Despite the strong and growing evidence that aerobic
fitness is positively associated with cognitive function, brain volume, and brain
connectivity in multiple age groups?®3°, many studies have not adequately controlled for
fitness when examining the association between diet and cognitive performance.
Individuals who consume a healthy diet often engage in other healthy lifestyle behaviors
such as physical activity®!, and there is evidence of a significant relationship between diet
quality and cardiorespiratory fitness.323334 Adherence to a healthy diet may be positively
associated with fitness levels and lower adiposity, indirectly contributing to cognitive
health. Thus, it is imperative to control for aerobic fitness and adiposity when examining
the impact of diet on cognition. The purpose of this study was to determine if MPOD
correlated with fruit and vegetable intake while controlling for body fat percentage. In

addition, we aimed to determine if cognitive function, specifically cognitive domains



associated with fluid intelligence, was positively correlated with MPOD after considering

body fat percentage and aerobic fitness level.



Il. MACULAR CAROTENIODS AND COGNTIVE FUNCTION IN YOUNG
ADULTS
Introduction

Older adults are at risk for cognitive decline which may lead to debilitating forms
of dementia.! Those diagnosed with dementia may have reduced quality of life and
independence, while close family members may be impacted though emotional distress
and financial pressures.! Therefore, encouraging a healthy lifestyle to help promote
cognitive function in older adults is important. However, early prevention may be more
impactful to help slow the progression of cognitive decline in order to maintain brain
health.? For example, mental performance decreases as we age, and research suggests that
increasing cognitive reserve early may help maintain brain resources and slow down the
progression of cognitive impairment.®® Unfortunately, there are few studies that examine
the young adult population and cognitive function since they are not going through a
stage of cognitive decline. Although young adults are at their cognitive peak, studies
show that cognitive health can still be improved.5’

There is promising research suggesting that lutein may have protective effects that
can slow the progression of cognitive decline. For example, lutein has been shown to
improve MPOD and cognitive function, specifically fluid intelligence, in older adults and
children.3122136:37.38 Thjs may be possible because lutein accumulates in the macular
pigment and brain, and has protective antioxidant properties.*®

There has only been one other study to examine MPOD and cognitive function in
younger adults and a relationship was identified between MPOD and cognitive function.

However, they did not control for aerobic fitness and adiposity, which are two factors that



impact cognitive health.326:2728 Therefore, the goal of this study was to examine the
relationship between fruit and vegetable intake, MPOD, and cognitive function, while
controlling for aerobic fitness and adiposity.
Methods

Seventy undergraduate students between the ages of eighteen and thirty were
recruited from Texas State University to participate in the study. Students were recruited
using the Psychology and Criminal Justice subjects pool which was managed through an
online system. Interested students signed up to participate through the online portal and
scheduled themselves for two, 60-minute visits. Additionally, fliers were posted
throughout the Family and Consumer Sciences building on campus to aid with
recruitment. Students without access to the online portal signed up for time slots through
emailing the Principal Investigator (P1). Inclusion criteria for the study was as follows:
students between the ages of 18 to 30 years, in good physical health, and have 20/20
vision with or without the use of glasses or contacts. Physical health for the aerobic
fitness test was determined by the Screening Questionnaire for Research Involving
Exercise, which assessed if the student was low risk based on recommendations by the
American Heart Association (AHA) and American College of Sports Medicine
(ACSM).*® Therefore, eligibility for the study was determined upon completion of the
consent form and screening questionnaire. During visit one, participants completed the
consent form and the demographics, screening, and fruit and vegetable questionnaires. In
addition, the participants performed the cognitive tests and MPOD. At visit two, BodPod
testing and the aerobic fitness test were conducted. After completing each visit,

participants received credit or ten dollars depending on if they signed up through the



online system or through the PI, respectively. Texas State University Institutional
Review Board approved all testing procedures. A flowchart describing the study design is

reported in Figure 1.

Recruitment

Participants recruited through the Criminal Justice and Psychology department
online system and fliers

N = 70 participants

Screening during visit 1

Must be 18 to 30 years of age, in good physical health, and have 20/20 vision
with or without the use of glasses or contacts

Screening Questionnaire for Research Involving Exercise

Visit | testing

Demographics

Cognitive assessment

MPOD

Fruit and vegetable intake questionnaire

Credit provided at the end of visit which may be in the form of class credit
(SONA) or §10

Visit 2 testing

e BodPod
¢ V0O, max test

Credit provided at the end of visit which may be in the form of class credit
(SONA) or $10

Figure 1. Study Design



Demographics

Once participants were determined eligible through the consent form and
screening questionnaire, the participant was asked to fill out a demographics form.
Demographics information related to race, gender, native language, education, and height
(in.) and weight (Ibs.) was measured using a Seca digital measuring tool.
Neuropsychological Assessment

The National Institutes of Health Toolbox for the Assessment of Neurological and
Behavioral Function Cognition Battery provides a brief and comprehensive battery of
tests that asses multiple cognitive domains. The battery includes eight tests that cover the
following cognitive domains: executive function and attention, episodic memory,
language, processing speed, and working memory. A more detailed list is shown in Table
1. Tests were administered on an iPad by trained research personnel. Fully corrected T-
scores that account for age, education, gender, and race/ethnicity were used in the
analysis.

Table 1. The National Institutes of Health Toolbox for the Assessment of Neurological
and Behavioral Function Cognition Battery

NIHTB measure Description Cognitive domain Length
Participant must choose
which way the middle arrow
Flanker Inhibitory is pointing, while inhibiting Executive function and 3 minutes
Control and Attention their attention to other arrows attention
that may point in a different
direction.
Dimensional Change Participant must sort pictures _ _ _
based on color or shape, as Executive function 4 minutes
Card Sort S
indicated on the screen.
Participant must place
Picture Sequence pictures in the same order Episodic memor 7 minutes
Memory they were shown to them on P y
the screen.
Participant must select the
Picture Vocabulary picture that best matches the Language 4 minutes
word said.

10




Table 1. Continued

Participant must pronounce
Oral Reading the word or letter given to .
. Language 3 minutes
Recognition them as accurately as
possible.
Pattern Comparison Part|C|p§nts mu§t quickly . .
. choose if two pictures are the Processing speed 3 minutes
Processing Speed
same or are not the same.
Participants are given a key
that matches numbers with
Oral Symbol Digit symbols. Below the kgy_ are Processing speed 3 minutes
rows of symbols. Participants
are asked to report which
number matches each symbol.
List Sorting Working Participant recalls visual and . .
Lo Working memory 7 minutes
Memory orally presented stimuli.
MPOD

MPOD was measured using the QuantifEye MPS |1 instrument (QuantifEye; MPS
9000 series: Tinsley Precision Instruments Ltd., Croydon, Essex, UK). To begin, the
room was dimly lit and instructions were provided to the participant before each test. The
participant was asked to look inside the instrument and concentrate on a dot that would
begin to flicker. The participant was asked to press a response button when they saw the
flicker. The participant performed a central and peripheral test. Each test took
approximately 1-2 minutes to complete. QuantifEye uses heterochromatic flicker
photometry to determine MPOD. The flicker is created by alternating blue and green
lights and the blue light is absorbed by macular pigment (MP), while the green light is
not. The peripheral test is used to correct for baseline flicker sensitivity that differs from
person to person. Therefore, peripheral results were subtracted from the central test
results to obtain an individual MPOD score for each participant. After each test, the
software assessed the quality of the results and showed either acceptable, caution, or
reject on the computer screen. The participant received two tries to achieve an acceptable

test result if they were unable to get it during the first try.
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Fruit and Vegetable Intake Questionnaire

Participants completed a paper copy of the National Cancer Institute Fruit and
Vegetable Intake Questionnaire (http://riskfactor.cancer.gov/diet/screeners/fruitveg/
allday.pdf) at the end of visit one.*° The questionnaire assessed the participant’s fruit and
vegetable intake within the past month by asking the frequency and amount of fruit or
vegetable the participant consumed. The questionnaire included 16 questions, which
research has shown to be less biased and more valid than shorter fruit and vegetable
screeners.*
BodPod

The BodPod (COSMED®©) was used to assess the participant’s body fat
percentage.*! For testing, participants wore tight fitting clothing and a swim cap before
stepping into the machine.
Aerobic Fitness

The aerobic fitness test was performed on a treadmill using the Bruce protocol.*?
Briefly, the test begins with a three-minute warmup which is followed by an increase in
incline and speed every three minutes. Heart rate was recorded using a Polar H10 Heart
Rate Monitor (HRM) that was secured to the participant’s chest with a Bluetooth HRM
Chest Strap. The participant’s heart rate was recorded every minute during the test.
During the test, expired air samples were taken at 30 second intervals until test
termination due to exhaustion (determined by the participant) and/or symptom limitation.
This was done to measure oxygen uptake (VOz) (ParvoMedics True Max 2400). VO
peak is defined as the highest recorded VO, measurement when at least two of the three

criteria are met: (1) plateau in VO regardless of an increase in workload, (2) respiratory
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exchange ratio > 1.1, and (3) a heart rate within 10 beats per minute of age predicted
maximum (i.e., 208-(0.7*age in years)).
Data Analysis

All analyses were performed using SPSS version 24. Variables that were not
normally distributed were log transformed. For participant’s demographic information,
frequency for gender, race, and ethnicity was identified, while mean and standard
deviation (SD) was determined for age and years of education. Descriptive statistics was
used to determine minimum and maximum values, as well as mean and SD for MPOD,
fruit and vegetable intake, body fat percentage, aerobic fitness, and cognitive tests. A
multiple linear regression was performed to identify a relationship between fruit and
vegetable intake and MPOD. Additionally, a multiple linear regression was used to
identify a relationship between MPOD and fully-adjusted fluid intelligence cognitive
scores. In both models, body fat percentage, a potential cofounding variable, was
included. Gender was added as a covariate for MPOD and fruit and vegetable intake.
Aerobic fitness could not be included as a covariate for MPOD and cognitive function as
intended because there was not enough data available. For 4 of the participants the
treadmill did not work properly, 11 did not show for visit 2, and for 33 participants VO-
max was not reached or could not be determined. An ANOVA was performed to compare
fruit and vegetable intake between low and high MPOD values. MPOD was split into two
groups: (1) MPOD scores lower than 0.41; and (2) MPOD scores higher than and
including 0.41. Although available, we did not divide the MPOD scores based on the
national average of 0.33.%3 Our population included young adults, in contrast the national

average value was derived from a population sample that included both young and older
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adults.*® The national average may be a lower score because older adults have lower
MPOD.'" Further, studies examining MPOD in young adults report higher averages
among their population.®!” Therefore, MPOD scores were split at 0.41 because this was
the median for our sample. A univariate ANOVA was used to compare fruit and
vegetable intake as a function of MPOD group. Further, an ANOVA was performed to
compare fluid cognitive tests between the same high and low MPOD groups.
Results

Participant Demographics

Participant demographics are provided in Table 2. There were 70 participants
recruited for the study between the ages of 18 to 30 (Mean = 20.2, SD = 2.7). Among
those recruited, a greater proportion of females (68.5%) participated in the study
compared to males (31.4%). The study population was majority Caucasian (72.7%).
Lastly, 40% of the population was Hispanic, which is more than usually seen in MPOD
and cognitive studies.

Table 2. Participant Characteristics

Gender, n (%)

Female 48 (68.5%)

Male 22 (31.4%)
Age, mean (SD) 20.2 (2.7)
Education in years, mean (SD) 14.2 (1.9

Race, n (%)
American Indian/Alaskan Native -
Asian 1 (1.5%)

Native Hawaiian or other Pacific 1 (1.5%)
Islander 16 (24.2%)
Black or African American 48 (72.7%)
White

Ethnicity, n (%)
Hispanic 28 (40%)
Non-Hispanic 42 (60%)

14



Frequencies for Fruit and Vegetable Intake, Body Fat, Fitness Level, BMI, and
MPOD

The frequencies for fruit and vegetable intake, body fat, fitness level, BMI, and
MPOD are reported in Table 3. The majority of participants did not meet the USDA
recommendations for fruit (16.1%) and vegetable intake (11.7%). The majority of the
sample (69.4%) was considered lean; however, a high percentage also had excess body
fat (25.4%). In addition, over a third of the population was overweight or obese (34.2%).
The population was about evenly split between poor and good fitness level. Lastly, 40.9%
of the population was above the national average for MPOD score.

Table 3. Frequencies for Fruit and Vegetable Intake, Body Fat, Fitness Level, BMI, and
MPOD

Variables N (%)

Met fruit and vegetable intake (n=68)

Fruit intake 11 (16.1%)

Vegetable intake 8 (11.7%)
Body fat % (n=59)

Risky (low body fat) 1(1.6%)

Lean 41 (69.4%)

Excess fat 15 (25.4%)

Risky (high body fat) 2 (3.3%)
Fitness level* (n=22)

Poor 12 (54.5%)

Good 10 (45.4%)
BMI

Underweight 1 (1.4%)

Normal weight 45 (64.2%)

Overweight 17 (24.2%)

Obese 7 (10%)
MPOD

Above national average 27 (40.9%)

*Includes participants who reached their VO, max.
N = number of participants who met the category for each variable.
Indent and begin typing text here.
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Descriptive Statistics for MPOD, Body Fat, Fruit and Vegetable Intake, and Aerobic
Fitness

MPOD, body fat percentage, fruit and vegetable intake, and aerobic fitness level
are reported in Table 4. The MPOD mean (Mean = 0.39, SD =0.17) was above the
national average of 0.33.* Participants reported consumption of approximately 1 cup of
fruits and 1 cup of vegetables a day, indicating the sample did not meet USDA
recommendations for fruit and vegetable intake. The mean body fat percentage for both
males (Mean = 14.2, SD = 8.4) and females (Mean = 27.3, SD = 5.8) determined that the
population was lean. The mean VO2 max (ml/kg/min) for males (Mean = 47.6, SD =
16.5) and females (Mean = 35.4, SD = 3.7) indicated that both groups were considered
above fair for their fitness level.

Table 4. Descriptive Statistics for MPOD, Body Fat Percentage, Fruit and Vegetable
Intake, and Aerobic Fitness

Variable Min — Max Mean (SD)
MPOD (n=67)
Absolute MP value right eye 0.02-0.94 0.39 (0.17)
Fruit and vegetable daily intake in cups (n=67)
Fruit
0.0-6.5 1.0(1.2)
\T’f)?aeltab'e 0.0-6.0 1.0 (L.1)
0.1-8.8 2.0(1.9)
Body fat (%)
Male (n=19) 3.0-31.0 14.2 (8.4)
Female (n=40) 17.5-41.9 27.3 (5.8)
Total (n=59) 3.0-41.9 23.1(9.1)
Aerobic fitness (ml/kg/min) *
Male (n=5) 30.3-72.8 47.6 (16.5)
Female (n=17) 27.3-42.6 35.4 (3.7)
Total (n=22) 27.3-72.8 38.1(9.5)

*Only includes participants who reached VO, max.

Descriptive Statistics for Cognitive Performance
All scores are fully corrected T-scores that correct for age, gender, race/ethnicity,

and education. The normative mean based on the T-score metric is 50 with a standard
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deviation (SD) of 10. The Flanker Inhibitory Control and Attention test (Mean = 41.0, SD
= 9.6) was roughly one standard deviation below the population mean. All other tests
associated with fluid and crystallized cognition were approximately at the normative
mean.

Table 5. Descriptive Statistics for Cognitive Performance (n=70)

Cognitive Test Min-Max Mean (SD)
Flanker Inhibitory Control and Attention 21-67 41.0 (9.6)
Dimensional Change Card Sort 29-74 50.0 (11.0)
Picture Sequence Memory 34-76 52.6 (11.1)
Picture Vocabulary ** 31-76 53.8 (9.3)
Oral Reading Recognition ** 37-85 57.9 (9.6)
Pattern Comparison Processing Speed 16-71 53.6 (12.0)
List Sorting Working Memory 28-64 48.4 (7.6)
Oral Symbol Digit * 75-143 98.8 (12.3)
Fluid Composite 24-70 48.5 (9.5)
Crystallized Composite** 34-74 56.5 (8.7)
Total Composite 34-71 52.9 (7.4)

* Raw score only (n=68)
**Crystallized cognition measures (All other tests are associated with fluid cognition)

Determining Correlation of Fruit and Vegetable Intake and MPOD and MPOD and
Fluid Intelligence

Using multiple linear regression with body fat percentage and gender as
covariates, total fruit and vegetable intake was not a significant predictor of MPOD, F(2,
53) = 0.20, p = 0.81, adj. R? = -0.03 (results not shown). Further, MPOD was not a
significant predictor of any of the fluid intelligence performance variables (Table 6).

Table 6. MPOD and Fluid Intelligence

Cognitive domains
Flanker Dimensional Picture Pattern List
Inhibitory Comparison Sorting Fluid
Change Card Sequence - . .
Control and Sort Memor Processing Working | Composite

Attention y Speed Memory
R? -0.022 -0.034 0.026 -0.009 0.013 -0.020
a B -3.572 -2.366 9.013 -4.090 6.065 1.157
8 SEB 7.343 8.634 8.670 9.675 5.860 7.401
2 B -0.065 -0.037 0.136 -0.056 0.136 0.021

17




Table 6. Continued

= B -0.111 -0.049 0.276 0.219 0.156 0.136
% SEB 0.147 0.173 0.174 0.194 0.117 0.148
o

@ B -0.101 -0.038 0.208 0.151 0.175 0.123

Fruit and Vegetable Intake and Fluid Cognitive Scores Between High and Low

MPOD Groups

An ANOVA was performed to assess differences between individuals with low

(<0.41) and high (>0.41) MPOD values. There was not a statistically significant

difference in fruit and vegetable intake between the high and low MPOD groups (Table

7). There was a difference between high and low MPOD groups for the Picture Sequence

Memory Test (Table 8). No other differences were found between the MPOD groups for

the other fluid cognitive tests.

Table 7. Fruit and Vegetable Intake Between High and Low MPOD Groups

MPOD Group
Low (<0.41) High (>0.41)
n=32 n=32 p value
M (SE) M (SE)
Total fruit and vegetable intake 1.4 (1.20) 1.2 (1.20) 0.724
Table 8. Fluid Cognitive Scores Between High and Low MPOD Groups
Cognitive Tests MPOD Group
Low (<0.41) High (>0.41)
Mean = 0.24 + 0.08 Mean =0.52 +0.12

n=32 n=34 p value

M (SE) M (SE)
Flanker Inhibitory
Control and Attention 409 (1.7) 409 (1.6) 0.991
Dimensional Change
Card Sort 50.5(1.9) 49.7 (1.9) 0.774
Picture Sequence *
Memory 50.3 (1.9) 55.9 (1.8) 0.041
Pattern Comparison
Processing Speed 54.0(2.1) 53.9(2.1) 0.985
1ot Sorting Working 487 (1.3) 487 (1.3) 0.993

emory

Fluid composite 48.2 (1.6) 49.5 (1.6) 0.570

*Denotes a significant difference between MPOD groups (p < 0.05)
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Discussion

Lutein and zeaxanthin are macular carotenoids that are in fruits and vegetables,
and more abundant in green leafy vegetables such as kale and spinach.® These
carotenoids accumulate in the central part of the retina where they make up the macular
pigment (MP).3® MPOD measures long-term intake of lutein and zeaxanthin within the
MP and has been linked to cognitive function in children, young adults, and the
elderly.>1221.36.37.38 The aim of the present study was to identify a relationship between
fruit and vegetable intake and MPOD, as well as MPOD and cognitive function in
healthy young adults. Few studies have concentrated on the young adult population.
Further, we attempted to extend the knowledge in this research through controlling for
modifiable lifestyle factors that may impact MPOD and cognitive function. After
controlling for modifiable lifestyle factors, we were unable to identify a relationship
between fruit and vegetable intake and MPOD as well as MPOD and cognitive function.
However, there was a significant difference for the Picture Sequence Memory test scores
between the low and high MPOD groups.
Fruit and Vegetable Intake are Not Correlated with MPOD in Young Adults

The aim of examining the relationship between fruit and vegetable intake and
MPOD was to determine if MPOD was a good noninvasive biomarker for fruit and
vegetable intake. Previous studies have demonstrated a relationship between fruit and
vegetable intake and MPOD in older populations.t”** However, a study by Alonso et al.
including young (20 — 35 years) and older subjects (45 — 65 years) found no correlation
between fruit and vegetable intake and MPOD in the younger subjects.’” The younger

participants in the study had a significantly lower intake of fruits and vegetables than the
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older group. Consequently, there may not have been enough variation in fruit and
vegetable intake to examine a relationship with MPOD. A study by Howells et al. did not
find a significant correlation among young adults between fruit and vegetable intake and
MPOD as well.*® The sample size (117) for the study may have been too small to see a
relationship. Similar to our study on young adults, we were unable to determine a
relationship between fruit and vegetable intake and MPOD, most likely for similar
reasons. Our population may have been too small, and the majority consumed less than
the daily recommended amount of fruits (83.9%) and vegetables (88.3%). A study by
Burke et al. may have corrected for low variation among fruit and vegetable intake.** The
researchers identified a correlation between fruit and vegetable intake and MPOD in
older adults by dividing individuals by their fruit and vegetable intake into low, medium,
high, and very high groups.** Participants with low fruit and vegetable intake had the
lowest MPOD scores, while participants with the highest fruit and vegetable consumption
had the highest MPOD scores. Due to the lack of variation in fruit and vegetable intake in
our study, it was difficult to detect a correlation between fruit and vegetable intake and
MPOD. We used MPOD scores to split participants into low and high MPOD groups
according to the sample median MPOD scores. However, unlike the study from Burke et
al., fruit and vegetable intake were not different between groups. Regardless, considering
that the majority of the population did not consume the daily recommended amount of
fruits and vegetables, an intervention should be aimed towards young adults since
adequate fruit and vegetable intake is associated with other important diet related diseases

such as coronary heart disease and some cancers.*64’
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MPOD is Not Correlated with Cognitive Performance in Young Adults

Intelligence can be measured as general intelligence or can be separated into its
components, fluid and crystallized intelligence.*® Our study examined fluid intelligence
because it can be altered by modifiable lifestyle factors and tends to decline through
aging, while crystallized intelligence is acquired throughout a lifetime.*® In addition, we
studied fluid intelligence because previous research shows that MPOD is related to fluid
intelligence in children and older adults.*221:234% Inconsistent with this research, MPOD
was not a significant predictor of fluid intelligence in our population, even after
controlling for body fat. However, the scores for the Picture Sequence Memory test did
differ between the low and high MPOD groups. One study in older adults found that
higher MPOD was associated with improved verbal learning and fluency as well as
processing and perceptual speed.?* Similarly, another study in older adults found that
lower MPOD was associated with poorer performance on cognitive tasks related to
reaction time and prospective memory.*® Although both studies did determine a
correlation between MPOD and fluid intelligence, neither controlled for covariates that
impact cognition, which includes body fat and aerobic fitness. Barnett et al. did control
for body fat and aerobic fitness in a study that examined MPOD and academic
performance in preadolescent children.?® In this study, body fat and VO2 max were
associated with the achievement composite score that tested cognitive function. After the
addition of MPOD into the model, there was a strong correlation between MPOD and
math and written language scores. Although aerobic fitness was measured in our study, it
was not included as a covariate because there was not enough data available. In our

study, a smaller population and failure to control for aerobic fitness may have impacted
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our ability to find a correlation between MPOD and cognitive function. Thus, separating
MPOD scores into low and high values created enough variation to identify a difference
between the MPOD groups for the Picture Sequence Memory test.

The majority of studies investigating MPOD and cognitive function include older
adults. To our knowledge, only one other study has examined young adults 18-30 years
of age and demonstrated that increased MPOD through supplementation improved
cognitive function, specifically in spatial memory, reasoning ability, and complex
attention.® In this study we identified a significant difference in the Picture Sequence
Memory test scores, a measure of episodic memory, among low and high MPOD groups.
Episodic memory is the memory of experiences including the time and place the event
occurred.>® Episodic memory is supported by many regions of the brain including the
hippocampus, in addition to the parietal, temporal, and prefrontal cortices.>® These
regions of the brain are associated with cognitive decline. In addition, research shows that
poor episodic memory is linked to increased risk for Alzheimer’s disease.>! Modifiable
lifestyle factors can have an impact on these regions of the brain, thus effecting the risk
of age-related decline in episodic memory. For example, education, physical activity, and
smoking are all risk factors for episodic memory.5%%2 In addition, a study by Summers et
al. showed that antioxidant supplementation can improve memory, including episodic
memory, in older subjects.>? The supplement used in the study consisted of a number of
antioxidants including lutein. Lutein has been shown to accumulate in the hippocampus, a
region of the brain that controls episodic memory, which supports our finding of greater
episodic memory performance in high MPOD groups.>® In fact, higher concentrations of

lutein compared to other carotenoids are found in the hippocampus.>® The hippocampus
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is also a region of the brain that is sensitive to modifiable lifestyle factors.5* Therefore,
lutein status may be important to consider when evaluating episodic memory
performance.

In our sample episodic memory was the only cognitive domain that was related to
MPOD levels. Young adults are a difficult population to demonstrate cognitive change
unlike older populations that may have nutrient deficiencies or progression towards
cognitive impairment.® A study with young adults that was able to impact cognitive
function in an otherwise healthy population through lutein and zeaxanthin
supplementation, suggests that supplementation may be necessary to observe changes in
MPOD and subsequent cognitive health benefits in young adults.® Most intervention
studies, including the research on young adults, supplement with 10-12 mg/day of
lutein+zeaxanthin; however, most adults in America only consume around 1-2 mg of
lutein each day.>* Considering that lutein is primarily available in fruits and vegetables®,
it is important to note that roughly 11% and 8% of our population met the daily
recommendations for fruit and vegetable intake, respectively (Table 3). Therefore, the
majority of our population had a low intake of fruits and vegetables and did not meet the
daily recommendations, which may impact lutein and zeaxanthin dietary intake. In
addition, the majority of MPOD scores for our population were around the national
average. This did not provide enough variation in MPOD scores to establish a correlation
with cognitive function. Therefore, supplementation may be useful to increase lutein and
zeaxanthin dietary intake, consequently improving MPOD scores and allowing for more

variation.
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Strengths and Limitations

A strength of our study was that we controlled for body fat percentage. As
previously stated, it is important to consider body fat when measuring cognitive function
and MPOD because studies show they are significantly related.?® Although aerobic
fitness was not included as a covariate, we did acknowledge the importance of measuring
VVO2 max and attempted to include it in our study. Lastly, 40% of our participants were
Hispanic. Previous research on MPOD and cognitive function has been conducted in
primarily Non-Hispanic Caucasians. Therefore, our study offered more diversity than
previous studies.

A limitation for our research was that we had missing data, which reduced the
power of the study. 15% of participants did not show to visit 2, therefore strategies are
needed to improve adherence. In addition, we did not control for participant fatigue
during administration of the cognitive tests. This may have impacted the participant’s
scores as research has shown that fatigue can impact psychomotor and cognitive
function.® Another limitation was aerobic fitness was not included in the analysis due to
a low number of participants who performed the fitness test and reached their VO, max.
For future research, this will be important to include because aerobic fitness promotes
functions associated with higher order regions that help with the control of cognition.
Further, research has shown that individuals who are more active and fit can process
information more quickly.®® The fruit and vegetable intake questionnaire limited the
evaluation of specific fruits and vegetables that contain lutein. Other studies used food
frequency questionnaires or dietary recalls to get a better measure of typical consumption

of lutein and zeaxanthin containing foods. In addition, a limitation for my study was that
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we did not control for other nutrients that effect cognitive function. Studies have shown
that omega-3 fatty acids and vitamins B6, B12, and folate impact cognitive function and
brain atrophy.>"°8° The association between B6, B12, and folate and cognition can be
explained by their role in homocysteine metabolism. Homocysteine is connected to
cognitive impairment in high concentrations.>® In addition, DHA makes up 30% to 40%
of the polyunsaturated fatty acids in the grey matter of the cerebral cortex.>® Therefore, it
is important to control for these nutrients by using a more comprehensive assessment of
dietary intake such as a food frequency questionnaire.

Overall the population chosen was not the healthy population we aimed to recruit;
however, they are generally representative of the young adult population. In addition to
low intake of fruits and vegetables, more than 25% of participants had excess fat or high
body fat. Although we would expect MPOD scores to suffer from high body fat and low
fruit and vegetable intake, almost half of the participants had an MPOD score around the
national average.*® MPOD scores above the national average were also seen in another
sample of young adults.® Therefore, MPOD may not be as at risk for decline for younger
populations. The frequency of high MPOD values in our sample did not provide enough
variation to establish a relationship among MPOD values with many of our variables.

Conclusion

Episodic memory was the only cognitive domain that was associated with levels
of MPOD within our sample. As stated previously, the hippocampus controls episodic
memory and consists of high concentrations of lutein.>®*%® The hippocampus controls
other cognitive domains and in a study with young adults more cognitive domains were

related to MPOD.? Additionally, lutein accumulates in other regions of the brain that can
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effect brain function.>® Therefore, more research is needed to see which cognitive

domains are most vulnerable to MPOD in young healthy adults.
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I1l. SUMMARY AND FUTURE DIRECTIONS

As stated previously, no relationship was found between fruit and vegetable
intake and MPOD, as well as MPOD and cognitive function. Future studies should
correct for the weaknesses that may have inhibited our ability to find a correlation
between these two variables. Therefore, looking forward | would include a larger
population. Based off a power analysis performed using the output from the Picture
Sequence Memory test among the low and high MPOD groups, 128 participants would
need to be recruited to achieve 80% power. The Fluid Composite results for the low and
high MPOD groups indicated that a future study would need to include thousands of
participants to reach 80% power. Therefore, a change in study design may be necessary
for future studies. For example, to provide further variation among the sample, a targeted
recruitment of high and low fruit and vegetable consumers may be needed.

| would also consider a different dietary approach that would determine lutein and
zeaxanthin intake rather than fruit and vegetable intake. We originally chose the NCI fruit
and vegetable intake questionnaire because of its ease of use. Other questionnaires that
are longer or food records are burdensome for participants to complete. In addition, they
include foods that do not contain lutein or zeaxanthin. On the other hand, studies have
assessed lutein and zeaxanthin intake through food frequency questionnaires or 3-day
food records, utilizing databases designed to calculate individual dietary carotenoid
intake.t"*+60 These studies were able to show a relationship between MPOD and dietary
intakes of lutein and zeaxanthin in older adults. There are few studies investigating this

relationship in young adults; therefore, it may be interesting to examine in order to
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determine if MPOD is a good noninvasive biomarker for lutein and zeaxanthin intake
rather than fruit and vegetable intake.

Further, the results from the cognitive assessment may not be an accurate
measurement of the participants’ cognitive status. Although the NIH Toolbox is a highly
reliable objective cognitive battery that did allow us to compare our sample with the
population norms, there were other factors that may have impacted the participant’s
scores. For example, fatigue can impact psychomotor and cognitive function.>® Fatigue
should be considered prior to testing as well as during testing, particularly for this
toolbox that takes approximately 34 minutes to administer. For future studies, testing
should be scheduled for same time of day to avoid inconsistencies among participants
and fatigue should be measured before and after testing. Lastly, participants using
cognitive brain game programs such as Luminosity or BrainHQ should be excluded from
the study. Luminosity includes tasks that cover processing speed, working memory,
flexibility, problem solving, and attention.5! Many of these cognitive domains are also
tested in neuropsychological assessments and research show that continuous use of
Luminosity and other brain games can help improve scores on neuropsychological
assessments, 6162

During the statistical analysis, | was unable to control for aerobic fitness. This is
important to control for as research shows that fitness level has an impact on cognitive
health.?®3° The Bruce Protocol, although the gold standard to determine aerobic fitness,
proved to be too difficult for our population to complete. This test is a direct measure of
VO2 max and requires the participant to work until volitional exhaustion. If the

participant ends the test prior to reaching their VO2 max, then the data is void. Therefore,
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in the future VO2 max should be measured using a different method. Calculating
predicted VO2 max may be a better measurement tool to ensure enough data is available
for analysis. For example, an estimate of VO, max can be determined by a submaximal
test. This test allows for a less strenuous environment that participants are more likely to
complete successfully.®®

In addition to all of these changes for a future cross-sectional study, | would also
propose a study design of a randomized controlled trial that provided lutein and
zeaxanthin supplementation. Supplementation may be necessary in order to demonstrate
change in young adults since they are at their cognitive peak. Moreover, instead of
concentrating purely on lutein and zeaxanthin, there are other nutrients that impact
cognitive function. A study by Oulhaj et al. found that vitamin B6, B12, and folate
supplementation in older adults with mild cognitive impairment and high baseline levels
of omega-3 had improvements in episodic memory and general cognition.* In contrast,
participants with low omega-3 status at baseline had no benefits after vitamin B
supplementation. This may be possible through the homocysteine methylation cycle. In
this cycle, B vitamins facilitate the conversion from phosphatidylethanolamine (PD) to
phosphatidylcholine (PC), which is enriched in omega-3 fatty acids, and can then be
transported to the brain. In addition, high levels of homocysteine, that results from low
levels of vitamin B, inhibit the enzyme that converts PD to PC.%® A separate study found
that individuals with high omega-3 status at baseline that supplemented with B vitamins
had a slower rate of brain atrophy compared to those that supplemented and had low
baseline levels of omega-3.°" These studies show that to improve cognitive function and

slow the rate of cognitive decline, other nutrients need to be considered, and not just
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studied in isolation. This could be in the form of controlling for vitamin B and omega-3
intake or including these nutrients in an intervention study in addition to lutein.
Conclusion

Although we did not identify a correlation between MPOD and cognitive
function, this may have been due to the cross-sectional study design or, as stated earlier,
there may be no significant relationship present unless participants consume at least
10mg of lutein a day, which is difficult to obtain from diet if individuals do not consume
adequate fruits and vegetables. Young adults are a difficult population to demonstrate
change unlike older populations that may have nutrient deficiencies or cognitive
impairments. It may be important to consider that a relationship may not clearly exist
among lutein, MPOD, and cognitive function in young adults that are at their cognitive
peak. Additionally, although our findings conflict with several studies that have identified
a relationship between MPOD and cognitive function, it is important to consider the
possibility of publication bias. Button et al. discussed that neuroscience studies have a
median statistical power of only 21%,%* yet the majority of these papers report significant
results. The power of this study was only 57%, however there were no statistically
significant results found.

Our study is a needed contribution to the currently limited research on young
adults related to MPOD and cognitive function. More research, however, is needed to
identify other modifiable lifestyle factors to promote cognitive health. This is important
in order to slow the progression of age related cognitive diseases and to potentially help

young adults in their academic and career success.’

30



REFERENCES
Friedman DB, Laditka JN, Hunter R, et al. Getting the message out about
cognitive health: A cross-cultural comparison of older adults’ media awareness
and communication needs on how to maintain a healthy brain. Gerontologist.
2009;49(SUPPL. 1). doi:10.1093/geront/gnp080.
Laditka SB, Corwin SJ, Laditka JN, et al. Attitudes about aging well among a
diverse group of older americans: Implications for promoting cognitive health.
Gerontologist. 2009;49(SUPPL. 1). doi:10.1093/geront/gnp084.
Renzi-Hammond LM, Bovier ER, Fletcher LM, 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(11):1-13.
do0i:10.3390/nu9111246.
Craik FIM, Bialystok E. Cognition through the lifespan: Mechanisms of change.
Trends Cogn Sci. 2006;10(3):131-138. doi:10.1016/j.tics.2006.01.007.
Hillman CH, Pontifex MB, Raine LB, Castelli DM, Hall EE, Kramer AF. The
effect of acute treadmill walking on cognitive control and academic achievement
in preadolescent children. Neuroscience. 2009;159(3):1044-1054.
doi:10.1016/j.neuroscience.2009.01.057.
Germine LT, Duchaine B, Nakayama K. Where cognitive development and aging
meet: Face learning ability peaks after age 30. Cognition. 2011;118(2):201-210.

doi:10.1016/j.cognition.2010.11.002.

31



10.

11.

12.

Hertzog C, Kramer AF, Wilson RS, Lindenberger U. Enrichment Effects on Adult
Cognitive Development. Psychol Sci. 2009;9(1):1-65. doi:10.1111/j.1539-
6053.2009.01034.x.

Tomporowski PD, Davis CL, Miller PH, Naglieri JA. Exercise and children’s
intelligence, cognition, and academic achievement. Educ Psychol Rev.
2008;20(2):111-131. doi:10.1007/s10648-007-9057-0.

Morris MC, Evans DA, Tangney CC, Bienias JL, Wilson RS. Associations of
vegetable and fruit consumption with age- related cognitive change. Neurology.
2006;67(8):1370-1376. doi:10.1212/01.wnl.0000240224.38978.d8.Associations.
Loef M, Walach H. Fruit, vegetables and prevention of cognitive decline or
dementia: a systematic review of cohort studies. J Nutr Heal Aging.
2012;16(7):626-630.

Polidori MC, Praticé D, Mangialasche F, et al. High Fruit and Vegetable Intake is
Positively Correlated with Antioxidant Status and Cognitive Performance in
Healthy Subjects. J Alzheimer’s Dis. 2009;17(4):921-927. doi:10.3233/JAD-2009-
1114.

Hammond BR, Stephen Miller L, Bello MO, Lindbergh CA, Mewborn C, Renzi-
Hammond LM. Effects of lutein/zeaxanthin supplementation on the cognitive
function of community dwelling older adults: A randomized, double-masked,
placebo-controlled trial. Front Aging Neurosci. 2017;9(AUG):1-9.

doi:10.3389/fnagi.2017.00254.

32



13.

14.

15.

16.

17.

18.

19.

20.

Lobo V, Patil A, Phatak A, Chandra N. Free radicals, antioxidants and functional
foods: Impact on human health. Pharmacogn Rev. 2010;4(8):118.
doi:10.4103/0973-7847.70902.

Johnson EJ. Role of lutein and zeaxanthin in visual and cognitive function
throughout the lifespan. Nutr Rev. 2014;72(9):605-612. doi:10.1111/nure.12133.
Mohn ES, Johnson EJ. Lutein and Cognition Across the Lifespan. Nutr Today.
2017;52(4):183-189. doi:10.1097/NT.0000000000000226.

Abdel-Aal ESM, Akhtar H, Zaheer K, Ali R. Dietary sources of lutein and
zeaxanthin carotenoids and their role in eye health. Nutrients. 2013;5(4):1169-
1185. doi:10.3390/nu5041169.

Olmedilla-Alonso B, Beltran-De-Miguel B, Estévez-Santiago R, Cuadrado-Vives
C. Markers of lutein and zeaxanthin status in two age groups of men and women:
Dietary intake, serum concentrations, lipid profile and macular pigment optical
density. Nutr J. 2014;13(1):1-11. doi:10.1186/1475-2891-13-52.

Murray 1J, Makridaki M, Veen RLP Van Der, Carden D, Parry NRA, Berendschot
TTJM. Lutein Supplementation over a One-Year Period in Early AMD Might
Have a Mild Beneficial Effect on Visual Acuity : The CLEAR Study.
2018;54(3):1781-1788. doi:10.1167/iovs.12-10715.

Stringham JM, Hammond BR. Macular Pigment and Visual Performance Under
Glare Conditions. 2008;85(2):82-88.

Vishwanathan R, Schalch W, Johnson EJ. Macular pigment carotenoids in the
retina and occipital cortex are related in humans. Nutr Neurosci. 2015;0(0):1-7.

doi:10.1179/1476830514Y.0000000141.

33



21.

22.

23.

24,

25.

26.

27.

Vishwanathan R, lannaccone A, Scott TM, et al. Macular pigment optical density
is related to cognitive function in older people. Age Ageing. 2014;43(2):271-275.
doi:10.1093/ageing/aft210.

Johnson EJ, Mcdonald K, Caldarella SM, Chung H, Troen AM, Snodderly DM.
Cognitive findings of an exploratory trial of docosahexaenoic acid and lutein
supplementation in older women. Nutr Neurosci. 2008;11(2):75-83.
doi:10.1179/147683008X301450.

Barnett SM, Khan NA, Walk AM, et al. Macular pigment optical density is
positively associated with academic performance among preadolescent children.
Nutr Neurosci. 2017;8305(May):1-9. doi:10.1080/1028415X.2017.1329976.
Dalton AG, Logomarsino J V. The relationship between dietary intake and the six
dimensions of wellness in older adults. Int J Wellbeing. 2014;4(2):45-99.
doi:10.5502/ijw.4i2.4.

Aberg MAL, Pedersen NL, Toren K, et al. Cardiovascular fitness is associated with
cognition in young adulthood. Proc Natl Acad Sci. 2009;106(49):20906-20911.
doi:10.1073/pnas.0905307106.

Bove RM, Brick DJ, Healy BC, et al. Metabolic and endocrine correlates of
cognitive function in healthy young women. Obesity. 2013;21(7):1343-1349.
doi:10.1002/0by.20212.

Kamijo K, Khan NA, Pontifex MB, et al. The relation of adiposity to cognitive
control and scholastic achievement in preadolescent children. Obesity.

2012;20(12):2406-2411. doi:10.1038/0by.2012.112.

34



28.

29.

30.

31.

32.

33.

34.

Stanek KM, Grieve SM, Brickman AM, et al. Obesity is associated with reduced
white matter integrity in otherwise healthy adults. Obesity. 2011;19(3):500-504.
doi:10.1038/0by.2010.312.

Bherer L, Erickson KI, Liu-Ambrose T. A review of the effects of physical activity
and exercise on cognitive and brain functions in older adults. J Aging Res.
2013;2013. doi:10.1155/2013/657508.

Smith PJ, Blumenthal JA, Hoffman BM, et al. Aerobic exercise and
neurocognitive performance: a meta- analytic review of randomized controlled
trials. Psychosom Med. 2011;72(3):239-252.
doi:10.1097/PSY.0b013e3181d14633.Aerobic.

Whitehead BR. Health behaviors in older adults: Considering age, affect, and
attitudes. J Health Psychol. 2017;22(13):1652-1657.
doi:10.1177/1359105316631814.

Shikany JM, Jr DRJ, Lewis CE, et al. Associations between food groups , dietary
patterns , and cardiorespiratory fitness in the Coronary Artery Risk Development
in Young Adults study 1 — 3. 2013;(3):1402-1409. doi:10.3945/ajcn.113.058826.1.
Lloyd T, Chinchilli VM, Rollings N, et al. Fruit consumption, fitness, and
cardiovascular health in female adolescents: the Penn State Young Women’s
Health Study. Am J Clin Nutr. 1998;67(4):624-630.

Haraldsdottir J, Andersen LB. Dietary factors related to fitness in young men and

women. Prev Med. 1994;23(4):490-497. doi:10.1006/pmed.1994.1067.

35



35.

36.

37.

38.

39.

40.

Ahles TA, Root JC, Ryan EL. Cancer- and cancer treatment-associated cognitive
change: An update on the state of the science. J Clin Oncol. 2012;30(30):3675-
3686. d0i:10.1200/JC0O.2012.43.0116.

Ajana S, Weber D, Helmer C, et al. Plasma concentrations of lutein and
zeaxanthin, macular pigment optical density, and their associations with cognitive
performances among older adults. Investig Ophthalmol Vis Sci. 2018;59(5):1828-
1835. doi:10.1167/iovs.17-22656.

Lindbergh CA, Mewborn CM, Hammond BR, Renzi-Hammond LM, Curran-
Celentano JM, Miller LS. Relationship of Lutein and Zeaxanthin Levels to
Neurocognitive Functioning: An fMRI Study of Older Adults. J Int Neuropsychol
Soc. 2017;23(1):11-22. d0i:10.1017/S1355617716000850.

Saint SE, Renzi-Hammond LM, Khan NA, Hillman CH, Frick JE, Hammond BR.
The macular carotenoids are associated with cognitive function in preadolescent
children. Nutrients. 2018;10(2):1-10. doi:10.3390/nu10020193.

AHA/ACSM Joint Position Statement: Recommendations for cardiovascular
screening, staffing, and emergency policies at health/fitness facilities. Med Sci
Sport Exerc. 1998;30(6):1009-1018.

Thompson F, Subar A, Smith A, et al. Fruit and vegetable assessment:
Performance of 2 new short instruments and a food frequency questionnaire. J Am
Diet Assoc. 2002;102(12):1764-1772. doi:http://dx.doi.org/10.1016/B978-

012689663-3/50041-7.

36



41.

42.

43.

44,

45,

46.

47.

Yeong S, Gallagher D. Assessment methods in human body composition. Encycl
Libr Inf Sci. 2008;11(5):566-572.
d0i:10.1097/MC0.0b013e32830b5f23.Assessment.

Bruce RA, Kusumi F, D. H. Maximal oxygen intake and nomographic assessment
of functional aerobic impairment in cardiovascular disease. Am Hear J. 1973:546—
562. https://doi.org/10.1016/0002-8703(73)90502-4.

Mackie SW. Use of MPS LI as Part of a Macular Screening Programme.
https://www.elektron-eye-technology.com/wp-content/uploads/2016/09/MPS-I1-
as-part-of-a-macular-screening-programme-EET-version.pdf.

Burke JD, Curran-Celentano J, Wenzel AJ. Diet and serum carotenoid
concentrations affect macular pigment optical density in adults 45 years and older.
J Nutr. 2005;135(5):1208-1214. http://jn.nutrition.org/content/135/5/1208.full.pdf.
Howells O, Eperjesi F, Bartlett H. Macular pigment optical density in young adults
of South Asian origin. Investig Ophthalmol Vis Sci. 2013;54(4):2711-2719.
doi:10.1167/iovs.12-10957.

Dauchet L, Amouyel P, Hercberg S, Dallongeville J. Fruit and vegetable
consumption and risk of coronary heart disease: a meta-analysis of cohort studies.
J Nutr. 2006;136(10):2588-2593. d0i:10.1212/01.wnl.0000180600.09719.53.
Riboli E, Norat T. Epidemiologic evidence of the protective effect of fruit and
vegetables on cancer risk. Am J Clin Nutr. 2003;78(3 SUPPL..).

doi:10.1093/ajcn/78.3.559S.

37



48.

49,

50.

o1,

52.

53.

Khan NA, Walk AM, Edwards CG, et al. Macular xanthophylls are related to
intellectual ability among adults with overweight and obesity. Nutrients.
2018;10(4):1-14. doi:10.3390/nu10040396.

Feeney J, Finucane C, Savva GM, et al. Low macular pigment optical density is
associated with lower cognitive performance in a large, population-based sample
of older adults. Neurobiol Aging. 2013;34(11):2449-2456.
doi:10.1016/j.neurobiolaging.2013.05.007.

Power R, Coen RF, Beatty S, 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. J Alzheimer’s Dis.
2018;61(3):947-961. doi:10.3233/JAD-170713.

Blacker D, Lee H, Muzikansky A, et al. Neuropsychological measures in normal
individuals that predict subsequent cognitive decline. Arch Neurol.
2007;64(6):862-871. doi:10.1001/archneur.64.6.862.

Summers WK, Martin RL, Liu Y, Pefia B, Marsh GM. Complex antioxidants in a
randomized single-blinded study of memory in seniors. Aging Clin Exp Res.
2018;30(4):395-405. doi:10.1007/s40520-017-0788-6.

Mohn ES, Erdman JW, Kuchan MJ, 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(10):1-18.

doi:10.1371/journal.pone.0186767.

38



54,

55.

56.

S7.

58.

59.

60.

Ranard KM, Jeon S, Mohn ES, Griffiths JC, Johnson EJ, Erdman JW. Dietary
guidance for lutein: consideration for intake recommendations is scientifically
supported. Eur J Nutr. 2017;56(3):37-42. doi:10.1007/s00394-017-1580-2.

Kahol K, Leyba MJ, Deka M, et al. Effect of fatigue on psychomotor and cognitive
skills. Am J Surg. 2008;195(2):195-204. doi:10.1016/j.amjsurg.2007.10.004.
Gomez-Pinilla F, Hillman C. The influence of exercise on cognitive abilities.
Compr Physiol. 2013;3(1):403-428. doi:10.1002/cphy.c110063.

Jernerén F, Elshorbagy A, Oulhaj A, Smith S, Refsum H, Smith D. Brain atrophy
in cognitively impaired elderly: the importance of long-chain v-3 fatty acids and B
vitamin status in a randomized controlled trial. Am J Clin Nutr. 2015;102:215-221.
doi:10.3945/ajcn.114.103283.1.

Oulhaj A, Jernerén F, Refsum H, Smith AD, De Jager CA. Omega-3 fatty acid
status enhances the prevention of cognitive decline by B Vitamins in mild
cognitive impairment. J Alzheimer’s Dis. 2016;50(2):547-557. doi:10.3233/JAD-
150777.

Kado DM, Karlamangla AS, Huang MH, et al. Homocysteine versus the vitamins
folate, B6, and B12as predictors of cognitive function and decline in older high-
functioning adults: MacArthur studies of successful aging. Am J Med.
2005;118(2):161-167. doi:10.1016/j.amjmed.2004.08.019.

Hammond BR, Caruso-Avery M. Macular pigment optical density in a
Southwestern sample. Invest Ophthalmol Vis Sci. 2000;41(6):1492-1497.

doi:10.1016/S0161-6420(00)00655-2.

39



61.

62.

63.

64.

Hardy JL, Nelson RA, Thomason ME, et al. Brain atrophy in cognitively impaired
elderly: the importance of long-chain v-3 fatty acids and B vitamin status in a
randomized controlled trial. PLoS One. 2015;10(9):1-17.
doi:10.1371/journal.pone.0134467.

Nouchi R, Taki Y, Takeuchi H, et al. Brain Training Game Boosts Executive
Functions, Working Memory and Processing Speed in the Young Adults: A
Randomized Controlled Trial. PLoS One. 2013;8(2).
doi:10.1371/journal.pone.0055518.

Bennett H, Parfitt G, Davison K, Eston R. Validity of Submaximal Step Tests to
Estimate Maximal Oxygen Uptake in Healthy Adults. Sport Med. 2016;46(5):737-
750. doi:10.1007/s40279-015-0445-1.

Button K, loannidis J, Mokrysz C, et al. Power failure: why small sample size
undermines the reliability of neuroscience. Neuroscience. 2013;14.

doi:10.1038/nrn3475.

40



