Taylor & Francis
Taylor & Francis Group

N IeC Al Journal of the American College of Nutrition

of Nutrition

ISSN: 0731-5724 (Print) 1541-1087 (Online) Journal homepage: http://www.tandfonline.com/loi/uacn20

A Comprehensive Review of Eggs, Choline, and
Lutein on Cognition Across the Life-span

Taylor C. Wallace

To cite this article: Taylor C. Wallace (2018) A Comprehensive Review of Eggs, Choline, and
Lutein on Cognition Across the Life-span, Journal of the American College of Nutrition, 37:4,
269-285, DOI: 10.1080/07315724.2017.1423248

To link to this article: https://doi.org/10.1080/07315724.2017.1423248

ﬁ Published online: 16 Feb 2018.

N
CJ/ Submit your article to this journal &

||I| Article views: 233

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=uacn20


http://www.tandfonline.com/action/journalInformation?journalCode=uacn20
http://www.tandfonline.com/loi/uacn20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/07315724.2017.1423248
https://doi.org/10.1080/07315724.2017.1423248
http://www.tandfonline.com/action/authorSubmission?journalCode=uacn20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=uacn20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/07315724.2017.1423248&domain=pdf&date_stamp=2018-02-16
http://crossmark.crossref.org/dialog/?doi=10.1080/07315724.2017.1423248&domain=pdf&date_stamp=2018-02-16

JOURNAL OF THE AMERICAN COLLEGE OF NUTRITION
2018, VOL. 37, NO. 4, 269-285
https://doi.org/10.1080/07315724.2017.1423248

Taylor & Francis
Taylor & Francis Group

‘ W) Check for updates

A Comprehensive Review of Eggs, Choline, and Lutein on Cognition

Across the Life-span

Taylor C. Wallace (2, PhD, CFS, FACN

Department of Nutrition and Food Studies, George Mason University, Fairfax, Virginia; Think Healthy Group, Inc., Washington, DC

ABSTRACT

In 2030, one in five Americans will be older than 65 years, and with that an increase in the number of
individuals who experience loss in cognitive capacity is to be expected. At the same time, nutrition within
the first 1000 days postconception has been suggested to strongly influence cognitive outcomes across
the life-span in humans. Eggs are a primary source of both choline and the xanthophyll carotenoid lutein
in the western diet, and both have been suggested to influence cognitive function in humans. This
comprehensive review critically examines the effects of eggs, choline, and lutein on cognition across the
life-span. There seems to be clear scientific evidence to suggest that both choline and lutein play a vital
role in brain and neurological development during the first 1000 days postconception. The extent to
which higher intakes of choline have the potential to enhance or influence cognition during childhood,
adulthood, and/or age-related cognitive decline needs further investigation. Emerging but consistent
research suggests that lutein has the potential to influence cognition across the life-span and that
sufficient intakes during mid to late adulthood may help to ward off age-related cognitive decline.
Macular pigment optical density (MPOD) seems to be a reliable and consistent biomarker of brain lutein
concentrations across the life-span and potentially one for clinically assessing cognitive status. This review
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summarizes the current peer-reviewed literature and existing gaps in research.

Introduction

The role of eggs in promoting cognitive function across the life-
span is a source of great debate, with limited but emerging sci-
entific evidence. Eggs are a primary source of both choline and
the xanthophyll carotenoid lutein in addition to several essen-
tial amino acids, B vitamins, vitamin A, vitamin D, and iron
(1). They have potential to contribute significant amounts of
these nutrients to the diet, given that about 21% to 22% of the
U.S. population consume whole eggs on a given day (2) and
because they are also commonly consumed as a component of
many prepared foods. Mean egg consumption has recently
been shown to be about 24 g/d (about half of a whole egg)
among the general population, which has increased across
most subpopulations except food-insecure individuals and
those participating in the Supplemental Nutrition Assistance
Program (2). Egg consumption (1 egg/d for 6 months) has
been shown to reduce stunting, which is highly associated with
cognition, in mixed-indigenous rural Andean children in Ecua-
dor by 47% (hazard ratio [HR], 0.53; 95% confidence interval
[CI], 0.38-0.88) (3). Individual components of eggs, particu-
larly choline and lutein, have been suggested to be associated
with improved cognitive development as well as a reduced risk
of cognitive decline (4,5). Egg yolks provide the greatest
amount of choline to the U.S. diet (6), and the lipid-rich matrix
has been shown to increase the bioavailability of lutein three-
fold as compared to dark green leafy vegetables and dietary

supplements (7). Even though eggs are rich in lutein, colorful
fruits and vegetables have been shown to be the major source
in the diet.

Cognition represents a complex set of higher mental func-
tions subserved by the brain and includes attention, memory,
thinking, learning, and perception (8). Many studies report
that the population of elderly people is growing and as the
number of elderly persons increase, an increase in the number
of people showing cognitive decline is to be expected. By the
year 2030, 1 in 5 Americans will be older than 65 years (9).
Loss of cognitive capacity is one of the major factors affecting
quality of life in elderly individuals and their family members
and is one of the main reasons for people entering nursing
homes (10-12). Age represents the single most important pre-
dictor of cognitive decline in the developed world (13). At the
same time, there is an increasing body of evidence that suggests
a connection between improved maternal and early childhood
nutrition and brain function across the life-span (14). Cognitive
development in preschoolers is predictive of later school
achievement (15). Thus, nutritional strategies to optimize cog-
nitive development and maintenance throughout the life-span
may have a tremendous public health, economic, and societal
impact.

Since 1998, choline has been recognized by the National
Academies of Medicine as an essential nutrient the metabolites
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of which have both structural and regulatory roles within the
body (16). It can be (1) oxidized to betaine, an osmolyte and
methyl donor; (2) acetylated to form acetylcholine, a neuro-
transmitter involved in learning, memory, and attention; or (3)
phosphorylated and metabolized to phosphatidylcholine, a crit-
ical structural component of cellular membranes that ensures
fluidity and integrity (16). Humans can endogenously produce
small amounts of choline via the hepatic phosphatidylethanol-
amine N-methyltransferase (PEMT) pathway; however, the
nutrient must be consumed exogenously to prevent symptoms
of deficiency (16). The American Medical Association recently
recommended the addition of choline to prenatal vitamins
(17). There are two sensitive periods in rat brain development
during which treatment with choline (about 1 mmol/d) produ-
ces long-lasting enhancement of spatial memory that is lifelong.
The first occurs during embryonic days 12 through 17 (rats give
birth on day 21) and the second during postnatal days 16
through 30 (4,18-27). Supplementation during these critical
periods elicits a major improvement in memory performance
of rats at all stages of training on a 12-arm radial maze (23). In
rats, the choline-induced increase in spatial memory directly
correlates with changes in the birth, death, and migration of
cells in the hippocampus during fetal brain development and
with the distribution and morphology of neurons involved in
memory storage throughout the life-span (22,25). Evidence
that suggests effects of choline on health in different stages of
life is scarce and needs to be confirmed by human intervention
studies. Currently there is no reliable nutritional biomarker of
choline status. Free choline concentrations in the serum and
plasma are common measures of status in the peer-reviewed lit-
erature. However, because choline is homeostatically regulated,
plasma concentrations rarely reach below 50% of the normal
fasting concentration range (7-20 wmol/L), making it a poor
indicator of nutritional status (28).

The relationship between lutein and cognitive health is par-
ticularly compelling because it is selectively taken up in to the
eye and brain tissue (29-31). To date, scientific research sup-
ports the role of lutein in visual health, while emerging evidence
suggests that it plays an important role in cognition across the
life-span. A recent review suggests that lutein is ready to be
considered for DRI-like intake recommendations based on its
putative role in visual performance and reducing the risk of
age-related macular degeneration (32).Given that the eye is an
extension of the neural system, it makes sense that lutein, simi-
lar to omega-3 fatty acids, could affect both visual and cognitive
functions early in life and extend into adulthood. Lutein is the
predominant brain carotenoid in both early and late life,
despite that it is much less consumed as compared to other car-
otenoids such as beta-carotene and lycopene (30-31). Vishwa-
nathan and others collected hippocampus, frontal, auditory,
occipital cortices from infants who died within the first year of
life and showed lutein to represent about 58% of total brain car-
otenoids (31).The same group used the NHANES 1988-1994
data sets to show that dietary intakes of lutein represent only
about 12% of total carotenoid intakes in this age group (31).
Serum levels of lutein have also been shown to be lower relative
to other carotenoids compared to those in the brain tissues of
elderly individuals (i.e., lutein was the most predominant brain
but not serum carotenoid) (30). Lutein and zeaxanthin are the

only two carotenoids that cross the blood-brain barrier to form
macular pigment in the eye, which is significantly correlated
with levels in matched brain tissue among primates (5) and
humans (34). Therefore, MPOD may serve as a reliable, nonin-
vasive biomarker of brain carotenoid concentrations.

This article (1) reports the findings of a nonsystematic, evi-
dence-based comprehensive review of the current scientific lit-
erature on the effect of eggs, choline, and lutein on cognition;
(2) outlines a research agenda to address current gaps; and (3)
identifies implementation strategies.

Methodology

A search strategy was developed in consultation with two
librarians first using nomenclatures for Ovid MEDLINE and
then adjusted for other electronic databases. The searches were
implemented through July 1, 2017, in three databases: PubMed,
Ovid MEDLINE, and BIOSIS. The searches were limited to the
English language and human studies that examined the rela-
tionships of egg, choline, or lutein intake (food or supplemental
sources) with cognitive outcomes. The complete search strate-
gies are presented in Table 1. I included human studies among
individuals of all ages that examined the effects of varying doses
of egg, choline, and/or lutein intake from any source on cogni-
tive outcomes. Other studies are included within the review as
relevant. This article is not intended to serve as a systematic
review but more as a comprehensive review of the scientific lit-
erature to date.

Current status of knowledge
Whole eggs and cognition

One intervention and four observational studies assessing the
impact of whole egg consumption on cognitive outcomes in
middle age to older adulthood were identified through the liter-
ature search (3,35-38). The most recent randomized controlled
trial of Andean children aged 6 to 9 months (i.e., the Lulun
Project) found that consumption of one egg/d for 6 months
was associated with a 47% reduced incidence of stunting, a
marker that is highly associated with suboptimal cognitive
development. The results also showed a partial mediating effect
by choline (3). Investigation of the Kuopio Ischaemic Heart
Disease Risk Factor Study examined the role of cholesterol and
egg intakes with incident dementia, Alzheimer’s disease, and
cognitive performance in 2427 dementia-free men aged 42 to
60 years at baseline. Higher egg intake was associated with bet-
ter performance on neuropsychological tests of frontal lobe and
executive functioning, the Trail Making Test, and the Verbal
Frequency Test during the 21.9 years of follow-up. Each addi-
tional 0.5 eggs (27g/d) per day was marginally associated with a
decrease in incident dementia (HR, 0.89; 95% CI, 0.78-1.01).
Egg intake did not affect the apolipoprotein E4 gene, which has
been identified as a “risk gene” for both Alzheimer’s disease
and cardiovascular disease (35). This suggests that egg con-
sumption patterns in midlife may be associated with later-life
cognitive function, but it is currently unknown whether intakes
later in life can impact those already experiencing age-related
cognitive decline. Although this study was the first and only



study to longitudinally evaluate the impact of egg intake on
dementia risk over a significant time span, inverse associations
of egg intake with mild cognitive impairment have been shown
among elderly individuals in other types of observational stud-
ies (36-38). Analysis of a population-based prospective, nested
case-controlled study of 5691 elderly individuals aged 65 and
older with normal cognitive function enrolled in the Chinese
Longitudinal Health Longevity Study showed cognitive decline
that was inversely associated with egg consumption (odds ratio
[OR], 0.73; 95% CI, 0.59-0.89) in bivariate analysis. There were
no significant associations identified after adjusting for demo-
graphic variables (37). Cross-sectional analysis of 178 institu-
tionalized elderly men and women aged 65 and older found
that participants who incurred no errors on the Short Portable
Mental Status Questionnaire had a greater intake of eggs (36).
Similarly, a case-controlled analysis of 404 elderly people in
Beijing aged 60 and older found that higher daily intake of eggs
resulted in significantly decreased odds of experiencing mild
cognitive impairment (OR, 0.975; 95% CI, 0.959-0.992) (38).
We did not identify any studies assessing the effects of eggs in
children or younger adult populations.

Future research

Limited research supports a positive relationship between eggs
and cognition; however, future clinical and prospective cohort
studies assessing egg intake closer to the time of cognitive
assessment, as well as those utilizing longer-term cognitive
measures that assess multiple cognitive domains over time, are
greatly needed among both genders and all stages of life. It is
plausible that egg intake may be more critical at certain stages
of the life cycle, such as during the first 1000 days from concep-
tion, because they contain an array of essential nutrients that
may influence cognitive outcomes. Another important gap in
the current state of knowledge is the effect of eggs versus other
dietary sources or supplemental intakes on the bioavailability
of nutrients like choline. The unique amino acid profile of eggs
may be another interesting area of research in regard to cogni-
tion, as suggested by La Rue and others (39).

Choline intake and cognition

Studies assessing choline intake or status in relation to cogni-
tion during several periods throughout the life cycle are sum-
marized in Table 1. Those examining effects during the fetal
period and early childhood are largely longitudinal, case-con-
trolled, and/or cross-sectional in design, whereas clinical inter-
vention studies are predominant among adult populations.

Exposure during pregnancy: Neurological birth defects

Three studies have assessed choline intake or status during
pregnancy and the risk of neurological birth defects (40-42).
Shaw and others showed that higher choline intake resulted in
an inverse relationship with the incidence of spina bifida (OR,
0.45; 95% CI, 0.22-0.93) in a case-controlled study of 424 neu-
ral tube defect cases as compared to 440 nonmalformed con-
trols using a retrospective 100-item maternal food frequency
questionnaire (FFQ) (40). A similar study found borderline but
insignificant decreases in rates of spina bifida in a longitudinal
study of 955 infants after 1 year’s follow-up (41). The only
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study to examine maternal plasma total choline concentrations
at the first prenatal visit found no associations with develop-
ment of spina bifida among 769 infants at birth (42). None of
the three studies found significant effects on anencephaly (40—
42). Limitations of these studies include the use of self-reported
FFQs as well as potential specific susceptible critical window(s)
in fetal development. In the absence of clinical interventions,
animal studies are quite compelling and suggest a causal rela-
tionship between pregnancy and cognitive function in off-
spring, as it has a critical role in central nervous system
development (43).

Exposure during pregnancy: Cognition

Six studies have assessed choline intake or status during preg-
nancy on child cognition (44-49). Two randomized double-
blind trials are currently present in the peer-reviewed literature
(44,45). Caudill and others most recently examined the effects
of maternal choline supplementation (480 mg/d or 930 mg/d)
during the third trimester on infant processing speed and
visuospatial memory at 4, 7, 10, and 13 months of age (n =
24). This controlled feeding study found that maternal con-
sumption of approximately twice the recommended amount of
choline during the first trimester (i.e., 930 vs 480 mg/d)
improved infant information and processing speed. In the
lower-intake group (i.e., 480 mg/d), there was a linear effect of
exposure duration (i.e., infants exposed longer showed faster
reaction times), suggesting that even modest increases in
maternal choline intake during pregnancy may produce cogni-
tive benefits for offspring (44). The second intervention study
assessed the effects of 750 mg/d choline supplementation
(administered as ~5 g phosphatidylcholine/d) versus placebo
in women whose baseline diets delivered ~80% of the recom-
mended intake at 18 weeks of gestation. All participants agreed
to continue the supplement regimen and breastfeed through
90 days postpartum. At 10 and 12 months of age, infants
receiving choline did not show any difference from those
receiving the placebo on tests for global development, language
development, short-term visuospatial memory, or long-term
episodic memory (45). It is unclear why this study did not
observe similar cognitive effects of increased maternal choline
to the more recent study by Caudill and others; however, poor
participant adherence and/or uncontrolled variations in the
intake of choline and other nutrients has been suggested to
play a role (44). Maternal dietary intake of choline during the
first and second trimesters of pregnancy was not associated
with cognitive performance in offspring at age 3 years in a lon-
gitudinal study (46). However, a more recent longer-term anal-
ysis of 895 mothers in Project Viva by the same group found
that offspring with mothers in the highest quartile of maternal
choline intake during the second trimester scored higher on
tests for nonverbal intelligence and visuospatial memory. Simi-
lar but weaker trends were shown in offspring with mothers in
the highest quartile of maternal choline intake during the first
trimester (47).

Data from a prospective study of 404 maternal-child pairs
showed that serum and umbilical cord blood concentrations of
free and total choline at 16 to 18 weeks, 24 to 26 weeks, 30 to
32 weeks, and 36 to 38 weeks were not related to Full Scale
Child IQ or selected scales related to visuospatial processing
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and memory (48). Contrary to these findings, maternal free
plasma choline and betaine status at 16 weeks but not 32 weeks
of gestation was positively associated with infant cognitive test
scores, but not motor skills or receptive and expressive lan-
guage, at 18 months in a more recent prospective analysis of
154 maternal-child pairs (49).

Limitations of many of these studies include timing of the
maternal intervention or assessment, which mostly occurred
during the second and third trimesters. Brain development has
been largely shown to occur during the first trimester of preg-
nancy and exposure to choline at earlier gestational stages
might be more relevant to cognitive outcomes in the offspring.
Replication of the study by Caudill and others (44) during the
third trimester of pregnancy is also needed, as the sample size
was somewhat small.

Exposure during pregnancy and infancy: Schizophrenia risk
One randomized placebo-controlled trial examined the effects
of dietary phosphatidylcholine supplementation (~900 mg/d
choline) on pathophysiology related to later schizophrenia risk
during the second trimester and through the third postnatal
month (100 mg q/d or same treatment as in utero). No adverse
effects of choline were observed in maternal health and deliv-
ery, birth, or infant development. At the fifth postnatal week,
the P50 (i.e., an event-related potential occurring approxi-
mately 50 milliseconds after the presentation of a stimulus)
response was suppressed in more choline-treated infants (76%)
compared with placebo-treated infants (43%; effect size, 0.7). A
CHRNA?7 genotype associated with schizophrenia diminished
P50 inhibition in the placebo-treated infants, but not the cho-
line-treated infants (50). These data suggest that perinatal cho-
line activates timely development of cerebral inhibition, even in
the presence of gene mutations that otherwise delay it.

Exposure during childhood

One cross-sectional analysis investigated the association
between plasma concentrations of free choline and its metabo-
lites and neurodevelopment in 210 children aged 5 years
enrolled in the Seychelles Child Development Nutrition Study.
There was no indication that free plasma choline concentration
(or choline metabolites) within the normal physiological range
was associated with neurodevelopmental outcomes (51). Addi-
tional intervention and observational studies are needed across
all age groups of children.

Exposure during childhood: Effects on fetal alcohol spectrum
disorders

One 6-week intervention study investigated supplemental
intake of 625 mg/d choline in children aged 5 to 10 years with
diagnosed fetal alcohol spectrum disorders but failed to find
any effect on cognitive outcomes (52).

Exposure during young adulthood

Ten studies (12 articles) have assessed choline intake or status
on cognition during early adulthood (53-64); however, their
duration was short, ranging from 90 minutes to 3 days and one
6-week intervention. The 6-week interventional study of 65
individuals found that the lecithin-supplemented group had
higher scores on tests for concentration and attention (59).
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Other shorter-duration studies had mixed results and utilized
several heterogeneous cognitive batteries. The most compelling
short-term data showed pupil size, a known biomarker of cho-
linergic function in the nervous system, to be beneficially
affected within 70 minutes of supplementation with choline
bitartrate. Decreased pupil size enabled individuals in the treat-
ment group to have greater precision in rapidly hitting centers
of targets (60). Other more recent short-duration studies by
Knott and others have measured and shown benefits of choline
bitartrate supplementation on multiple cognitive measures
among young males with low baseline performance, as well as
those with an increased P50 expression (57-59), once again
suggesting that choline requirements may vary among individ-
uals even within the same subpopulation.

Exposure during mid and older adulthood

Six studies have assessed choline intake or status on cognition
during mid to late adulthood (65-70). Five studies showed no
effects on any of the measured cognitive outcomes (65—
67,69,70); however, one study found that higher blood choline
levels were associated with better scores on tests for sensorimo-
tor speed, perceptual speed, and executive function (68). To
date, the most powerful functional evidence that current rec-
ommendations for choline intake may not be sufficient or opti-
mal for lifelong cognitive function is derived from animal
models. Numerous animal models demonstrate lasting benefi-
cial effects of increased maternal choline intake that becomes
more pronounced with aging (71).

The only data among individuals with diagnosed cognitive
decline found that patients with Alzheimer’s disease had lower
levels of eight choline-containing phospholipid species (and
two non-choline-containing species) as compared to healthy
controls using a case-controlled design. These 10 lipids derived
from peripheral blood have been validated to predict mild cog-
nitive impairment or Alzheimer’s disease within a 2- to 3-year
time frame with greater than 90% accuracy (72). These data,
while weak and inconsistent, might suggest that sufficiency
and/or treatment during the latter part of life may not be as
crucial in regard to cognition as they are during the beginning
stages of life.

Future research

Nutrient needs are a population-wide distribution and current
DRIs for choline established by the National Academies of
Medicine are grouped to account for recognized unique needs
associated with age, gender, and reproductive status (16). “Con-
sistent and strong” evidence supports that genetic factors, such
as common variants in choline and folate pathway enzymes,
impact the metabolic handling of the nutrient and the risk of
nutrient inadequacy, as recently reviewed by Ganz and others
(73). For instance, common variants in the PEMT gene may
increase dependence on dietary choline to meet phosphatidyl-
choline requirements. A randomized controlled trial of post-
menopausal women found that those who received estrogen
versus placebo were 4 times less likely to experience signs of
organ dysfunction while consuming choline-deficient diets
(74). Results from older interventions yield a variety of incon-
sistent results, which may be due to the lack of more recent
technologies with the ability to identify these types of nutrient
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interactions and inaccuracies in calculating actual choline
intakes. Additional nutrigenetics-based research is needed and
should be considered when revising new dietary requirements
for choline. Along the same lines, more reliable and standard-
ized biomarkers of choline status need to be identified since
blood levels often fluctuate, especially in short-term challenge
studies. In humans, choline bitartrate increases plasma levels
within 1 hour after ingestion (75,76), with brain concentrations
peaking around 2 to 3 hours postingestion. Choline’s effect on
the cholinergic peripheral system seems to peak between 1 and
2 hours after ingestion (77,78).

The findings presented in this article provide encourage-
ment that maternal-infant choline intake may hold significant
promise for lifelong effects on cognition. Microarray or RNA-
sequencing studies may prove to be useful in determining the
effect of maternal choline supplementation on cell survival and
neuroplasticity in offspring. Identification of specific genes that
exhibit epigenetic marks (DNA and histone methylation) as
well as transcripts that display lasting changes in gene expres-
sion following choline supplementation and their association
with cognitive measures and end points is pivotal. Intervention
studies must be designed using new novel technologies from
the time of conception through early childhood so that critical
windows may be identified for which choline supplementation
is most impactful. Tracer studies similar to those published by
the Caudill’s lab (78) are needed not only to determine choline
requirements across subpopulations but to better understand
the biological influences of this essential nutrient across the
life-span.

In the absence of consistent and prospective observational
data, it is important that investigators continue to assess poten-
tial relationships between choline intake and levels and multi-
ple cognitive domains over time, among a wide age range, and
using well-designed prospective cohort studies. Continuous
updates to the U.S. Department of Agriculture’s (USDA)
National Nutrient Database for Standard Reference to comprise
more detailed information on the choline content of foods, par-
ticularly in regard to choline derived from food additives, and
further development of validated FFQs will be essential to
developing a more robust understanding of the role choline
plays in cognition. Currently, there is no way to accurately esti-
mate choline intakes from food additives (e.g., lecithin) within
the USDA food composition databases; one may speculate that
a significant amount of dietary intake may be derived from
processed foods, thus underrepresenting current population
status. Choline intake data from whole foods are limited, and
again actual intakes may be underestimated because only a
small number of foods have been assessed for their content.

Lutein intake and cognition

Studies assessing lutein intake or status in relation to cognition
during several periods throughout the life cycle can be found in
Table 2. MPOD has been found to be a reliable biomarker of
brain concentrations of lutein as well as smaller concentrations
of zeaxanthin and meso-zeaxanthin, which can be easily mea-
sured noninvasively using heterochromatic flicker photometry
(79,80). MPOD, unlike serum lutein and zeaxanthin concentra-
tions, is a direct reflection of lutein and zeaxanthin in the neural

tissue (81). Many trials coadminister lutein and zeaxanthin in
supplemental form. Apart from cognitive function relationships
with macular pigment, there seems to be less evidence for a rela-
tionship between zeaxanthin and cognitive outcomes (82).

Exposure during pregnancy: Cognition and neurological
birth defects

No studies have identified lutein intake or status or MPOD dur-
ing pregnancy and effects on cognition or neurological birth
defects. One cross-sectional study found lutein concentrations
in infant brain tissue to be strongly related to steroidogenic
acute regulatory domain 3 (StARD3), a lutein-binding protein,
suggesting that it has a role in neural development (83). To elu-
cidate potential mechanisms by which lutein may influence
infant cognition, a similar study assessed and found lutein con-
centrations in brain tissues to be correlated with several meta-
bolic brain-region-specific pathways thought to be involved with
infant brain development (84). The infant retina and brain need
antioxidants because of their high metabolic rates and relative
deficiencies in endogenous antioxidant enzymes (85). In child-
ren’s brains, the concentration of lutein relative to total carote-
noids is twice that found in adults. Lutein accounts for more
than half of infant brain carotenoids, suggesting that the antioxi-
dant may play a major role in neuronal development (31).

Exposure during childhood

Three studies have assessed lutein intake or status or MPOD
during early childhood (86-88). A 6-month intervention study
of 56 children aged 8 to 9 years found MPOD to be related to
overall academic achievement and mathematics and written
language composite standard scores (86). A similar cross-sec-
tional analysis investigated the relationship of MPOD with
behavioral and neuroelectric indices elicited during a cognitive
control task in preadolescent children aged ~8 years and found
it to be associated with both measures. The data suggested that
children with higher MPOD may respond to cognitive tasks
more efficiently, maintaining high performance while display-
ing neural indices indicative of lower cognitive load (87). Simi-
lar findings were not found in a cross-sectional study that
examined dietary intake and plasma levels of lutein with meas-
ures of cognition (88). Data on the effect of lutein during early
childhood are currently scarce.

Exposure during young adulthood

Two studies have assessed lutein intake or status or MPOD
during young adulthood (89,90). Similar to their study in chil-
dren, Walk et al. found that cognitive control was increased
during cognitive control tasks designed to assess different
aspects of attentional control. They found a relationship
between MPOD and neuroelectric indices underlying cognitive
control, suggesting that lutein may have a protective role in the
central nervous system prior to the onset of disease (89).
MPOD was also related to reaction time and coincidence antic-
ipation errors at high speed in younger adults, suggesting that
it plays a critical role in visuomotor behavior (90). It is possible
that lutein may enhance cognition due to some type of local
interaction with neural cells (the neural efficiency hypothesis)
(91) and is likely due to, at least in part, its antioxidant func-
tions (31).
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Exposure during mid and older adulthood

The majority of studies identified assessed the role of lutein
intake or status or MPOD during mid to older adulthood
(30,91-115). Five studies assessed patients with Alzheimer’s
disease and found significant beneficial effects of higher lutein
intake or blood or tissue levels (95,100,102,109,111). The only
intervention study in patients with Alzheimer’s disease found
significant effects of supplementation among five spatial fre-
quencies tested in those with Alzheimer’s disease as compared
to two spatial frequencies in the healthy control group.
MPOD increased in both groups after supplementation (100).
An investigation into the Irish Longitudinal Study on Aging
found that older adults with higher MPOD had better results
on various indices of cognitive function as compared to those
with lower MPOD (106). Using functional magnetic resonance
imaging (fMRI), Terry and others found that among commu-
nity-dwelling older adults, higher levels of MPOD were associ-
ated with increased blood-oxygen-level-dependent activation
in the left frontal and inferior frontal gyri, left middle tempo-
ral gyrus, and other areas associated with verbal memory dur-
ing learning and recall (poster abstract; not included in
Table 2) (114). Primate and human retinal lutein concentra-
tions (i.e., MPOD) are also related to brain concentrations
(33,34).

Consistent with MPOD data, evidence from the Three-City
Bordeaux prospective cohort showed plasma lutein concentra-
tions to decrease the risk of all-cause dementia and Alzheimer’s
disease by 19% and 24%, respectively (HR, 0.81; 95% CI, 0.67-
0.97; HR, 0.76; 95% CI, 0.60-0.96) (94). Elevated serum choles-
terol concentrations in midlife seem to increase risk of Alz-
heimer’s disease. Lower concentrations of high-density
lipoproteins (HDLs) and their principal apolipoprotein Al also
correlate with increased risk of this disease. One role of HDL is
to efficiently transport oxocarotenoids, which are scavengers of
peroxynitrite. Lower levels of oxocarotenoid concentrations
during Alzheimer’s disease may render HDLs susceptible to
nitration and oxidation and in turn reduce their efficiency to
reverse cholesterol transport from lipid-laden cells (102).

Two studies assessing individuals with mild cognitive
impairment also found similar effects as compared to healthy
controls, but to a lesser extent (102,110). A recent study failed
to show a relationship between brain lutein and the StARD3
lutein-binding protein among 10 centenarians (96); however,
an older assessment of 220 centenarians enrolled in the Geor-
gia Centenarian Study found that both serum and brain tissue
levels were related to better cognition using a wide range of
measures (30). Dietary intake of lutein as well as blood meas-
ures have frequently, but not always, consistently correlated
with better cognitive performance in general among middle-
aged to older adults. MPOD has been consistently correlated
with better cognition in this group (91,93,99,104-107) and
has been shown across studies to be a more reliable biomarker
of both brain concentrations of lutein and cognitive status in
older adults. How lutein enhances cognition is relatively
unknown. It has been suggested that lutein may help protect
brain tissues from the accumulated effects of oxidative and
inflammatory stress (5), and certainly the data correlating
MPOD to cognitive impairment are consistent with this
notion.
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Future research

Studies show that lutein peaks in the plasma around 14 to
16 hours after consumption (115). The half-life of plasma lutein
was shown to be 76 days in one study (116) and only 22 days in
another study (117). Greater clarity is needed on the half-life of
lutein and how it is eliminated so that dose ranges and regi-
mens can be better developed for clinical use. Additional inter-
vention studies examining cognitive effects of lutein intake and
MPOD across all age ranges and cognitive states using more
novel measures of brain health (e.g., fMRI) are greatly needed.
Baseline MPOD should be taken into consideration when
designing intervention studies and assessing data from popula-
tions/cohorts. Future studies evaluating the association between
differences in carotenoid-related gene expression profiles and
lutein-related function in brain tissue may help to determine its
impact on cognition. Utilizing baseline MPOD measures as
inclusion/exclusion criteria for clinical trials and longitudinal
analyses is critical for measuring cognitive outcomes, as many
foods contain either lutein and/or zeaxanthin. MPOD measures
may prove to better represent lutein/zeaxanthin status versus
cross-referencing food intake data with the USDA food compo-
sition databases, which again are limited by the number of
foods assessed for these two carotenoids. It is also important to
consider potential interactions between nutrients within a food
matrix, as higher choline with higher lutein levels have been
shown to be related to better recognition memory in 6-month-
olds (118).

Conclusions

Eggs are a primary source of both choline and lutein in the
western diet. There is clear scientific evidence to suggest that
both choline and lutein play a vital role in brain and neurologi-
cal development during the first 1000 days postconception. The
extent to which higher intakes of choline have the potential to
enhance or influence cognition during childhood, adulthood,
and/or age-related cognitive decline needs further investigation.
Prospective cohort studies that accurately assess choline intakes
from food are greatly needed, as are randomized clinical inter-
ventions. Emerging but consistent research suggests that lutein
has the potential to influence cognition across the life-span and
that sufficient intakes during mid to late adulthood may help to
ward off age-related cognitive decline. MPOD has been
reported to be a reliable and consistent biomarker of brain
lutein concentrations across the life-span and may have poten-
tial for clinically assessing cognitive status.
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