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Abstract: Background: Past studies have suggested that higher lutein (L) and zeaxanthin (Z) levels in
serum and in the central nervous system (as quantified by measuring macular pigment optical density,
MPOD) are related to improved cognitive function in older adults. Very few studies have addressed
the issue of xanthophylls and cognitive function in younger adults, and no controlled trials have been
conducted to date to determine whether or not supplementation with L + Z can change cognitive
function in this population. Objective: The purpose of this study was to determine whether or not
supplementation with L + Z could improve cognitive function in young (age 18-30), healthy adults.
Design: A randomized, double-masked, placebo-controlled trial design was used. Fifty-one young,
healthy subjects were recruited as part of a larger study on xanthophylls and cognitive function.
Subjects were randomized into active supplement (1 = 37) and placebo groups (n = 14). MPOD was
measured psychophysically using customized heterochromatic flicker photometry. Cognitive function
was measured using the CNS Vital Signs testing platform. MPOD and cognitive function were
measured every four months for a full year of supplementation. Results: Supplementation increased
MPOD significantly over the course of the year, vs. placebo (p < 0.001). Daily supplementation with
L + Z and increases in MPOD resulted in significant improvements in spatial memory (p < 0.04),
reasoning ability (p < 0.05) and complex attention (p < 0.04), above and beyond improvements due
to practice effects. Conclusions: Supplementation with L + Z improves CNS xanthophyll levels
and cognitive function in young, healthy adults. Magnitudes of effects are similar to previous work
reporting correlations between MPOD and cognition in other populations.
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1. Introduction

A wide body of research, across disciplines, has shown a direct effect of diet on nearly every
aspect of brain function [1]. One big category of effect appears to be simply prophylactic. The brain is
a strongly lipid-based, highly oxygenated structure prone to inflammatory stress. Dietary intake, good
or bad, can influence the oxidative and inflammatory state of the brain and, hence, its function [2].
Another category is acute effects on cellular metabolism [3]. Dietary intake is involved in every aspect
of a neuron’s function, ranging from influencing the basic structure of the cell itself (e.g., phospholipid
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composition [4]); to resting and action potentials; to neurotransmitter synthesis from amino acid and
vitamin precursors (e.g., pyridoxal 5'-phosphate, a form of Vitamin By, is a coenzyme required for
the biosynthesis of gamma-aminobutyric acid (GABA), norepinephrine and serotonin from glutamic
acid, tyrosine and tryptophan, respectively). B¢, B2 and folate are required to support methylation
reactions, some of which are noted above, and are also important in gene regulation. It is interesting to
note that methylation is the sole method for regulation of genes in mitochondrial DNA, and that these
vitamins are critical for mitochondrial function.

Like many areas of nutrition, most research on the diet-brain connection has focused on
micronutrient deficiencies, such as the role of B vitamins in cognitive decline or diseases such as
Korsakoff’s and dementia [5,6]. Much less is known about the many other phytochemicals that are
commonly found in food (i.e., not yet defined as essential or even as nutrients). Even less is known
about how those components of diet influence the brains of young healthy adults. One exception
to this general trend is a growing interest in a possible role for the xanthophylls, specifically
lutein (L), zeaxanthin (Z) and meso-zeaxanthin (MZ) [7]. These dietary carotenoids concentrate
in neural tissue (particularly, the macula or central retina, there termed macular pigment (MP)).
Unlike many dietary components, the amount of retinal L, Z and MZ can be measured directly and
non-invasively [8]. MPOD has been shown to be highly correlated to L + Z accumulation in brain [9].
This allows the concentration of these xanthophylls in neural tissue to be correlated with dependent
measures of interest. Using this technique, a number of cross-sectional studies have correlated the
macular xanthophylls with many aspects of both visual and cognitive function in both young and
older subjects [10-15].

The ability to directly measure the macular pigments also provides the additional advantage of
being able to monitor the results of an intervention; to wit, one can supplement L, Z or MZ, measure
changes in MP, and then assess any possible functional changes that result (and how those changes
relate to the actual change in tissue levels). Using this strategy, a number of studies have now shown
that supplementing L and Z is related to both increases in the amount of L + Z measured in the retina
and alteration in behaviors that are thought to be primarily mediated by the brain. For example,
supplementation with carotenoid-rich avocados causes increases in both the macular pigments and
spatial working memory [16]. This improvement was not found for control subjects whose carotenoid
levels did not increase. L + Z supplementation in healthy older adults produces improvements in
cognitive function on a variety of domains [17-19]. Such effects have even been found in young healthy
subjects (i.e., those seemingly less likely to change). For example, Bovier et al. [14,15] supplemented
young subjects and found changes in visual temporal processing speed in subjects whose MP increased
by 0.1 log units of optical density or more, versus those that did not, using a placebo-controlled design.
Visual processing speed was chosen because, although it is a lower level visual function (basically,
the fusion of square-and sine wave modulated light), it is thought to be mediated by central brain
mechanisms (e.g., [20]). Indeed, some have argued that processing speed in general underlies many
more complex cognitive traits [21] and should be considered a cognitive fundamental [22]. The results
by Bovier et al. implied the possibility that supplementing xanthophylls could change other aspects of
cognition (such as memory) even in young healthy subjects at the (apparent) peak of their cognitive
life (e.g., college students). The present study was a first test of this hypothesis.

2. Materials and Methods

2.1. Subjects

This sub-study was part of a larger clinical trial on xanthophyll supplementation and cognitive
function. For the young adult sub-study, a total of 79 potential participants (college students
from the Athens-Clarke County, GA area) were screened for enrollment between August 2012
and December 2013, with follow-up lasting through December 2014. Of those 79 potential
participants, three participants were initially excluded for failure to meet the inclusion criteria.
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Randomization to either the active supplement group or the placebo group was accomplished as
follows: a set of numerical codes was created that corresponded to either the active supplement or the
intervention. The codes were placed into an opaque envelope. After informed consent was signed and
inclusion/exclusion criteria were verified (see below), a code was drawn from the envelope by the
clinical coordinator, who had no data collection responsibilities. From the 76 participants who were
deemed eligible for participation, 30 participants were randomized into the placebo group, and 46 total
participants were randomized into the intervention group. Of those participants, two members of the
placebo group and three members of the intervention group withdrew from the trial due to scheduling
conflicts prior to completion of baseline measurements and allocation of supplements. Given the fact
that students enrolled in the trial occasionally graduated and moved away during the study, 14 total
placebo participants and 9 total intervention participants were lost to follow-up during the course of
the year-long intervention.

The final analyzable data set included 51 healthy subjects ranging in age from 18 to 30
(M =21.21 + 2.52) years. Approximately equal numbers of males and females (n = 29 males, 22 females)
were analyzed, with a total of n = 14 participants in the placebo group, and n = 37 participants who
received the intervention. The active supplement contained 10 mg L + 2 mg Z (DSM Nutritional
Products; Kaiseraugst, Switzerland), and the placebo was visually identical to the active supplement.
Supplement and placebo containers were visually identical, with the exception of the numerical code
on the bottle contents label. Participants were instructed to take one tablet per day with their highest
fat meal. Compliance with the supplement regime was monitored by bi-monthly phone calls as well
as pill counts.

The baseline characteristics of the entire analyzable young adult sample, as well as the two
sub-groups, are shown in Table 1. The majority of the subjects were students from the University of
Georgia, and placebo and active supplement groups were not significantly different from each other in
demographic characteristics. Inclusion criteria included good overall and ocular /refractive (20:40 best
corrected acuity) health and no supplement use in the previous six months (excluding a multivitamin
containing less than 1 mg LZ/day).

Table 1. Baseline characteristics of placebo participants vs. those on the active supplement.

Body Mass . Years of MP Optical
Group Age (Years) Index Gender Ethnicity Race Education Density

n=35 n =30 White

Active, Mean £ SD  21.50 £ 2.69 2415438  21M,16F nonHispanic n=4Black 12+ 047 +0.18

n=2 n =1 pan-Asian

Hispanic n =2 Latino
n=14 n =10 White

Placebo, Mean + SD 20.50 +1.91 23.03 + 3.98 8M,6F N n =2 Black 12+ 0.39 £ 0.12

non-Hispanic .
P n = 2 pan-Asian

None of the differences between the groups were statistically significant at baseline (p > 0.05). SD = standard
deviation. M = male; F = female.

2.2. Ethics

The tenets of the Declaration of Helsinki were adhered to at all times during the course of this
study. All participants both verbally consented to participation and provided written informed consent
prior to participation. The protocol was approved by the University of Georgia Institutional Review
Board (2012105172).

2.3. Methods

2.3.1. Retinal L + Z Levels

Retinal L + Z levels (as macular pigment optical density, MPOD) was measured at 30-min of retinal
eccentricity along the horizontal meridian of the temporal retina, using customized heterochromatic
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flicker photometry (cHFP) [23,24]. Briefly, a macular densitometer (Macular Metrics; Rehoboth, MA,
USA) was used to present participants with a one-degree test stimulus composed of light generated
by two narrow-band LEDs, peaking at 460 nm (strongly absorbed by MP) and 570 nm (not absorbed
by MP), respectively. Each waveband was presented in counter-phase orientation at two different
starting intensities, which, when combined, appeared to participants as a single, uniform, flickering
disk. The stimulus was presented on a 470 nm background.

Participants were required to centrally view the stimulus, and to adjust the intensity of the
460 nm test light relative to the 570 nm reference light until the appearance of flicker was minimized.
The participants then viewed a larger (two-degree) stimulus while fixating on a point at 7-degrees of
retinal eccentricity. This placed the stimulus on the parafovea, where MPOD is negligible. Participants
completed five trials at each locus. The two loci were compared to yield MPOD at 30-min of eccentricity.
MPOD was measured at baseline, and after 4-, 8- and 12-month supplementation.

2.3.2. Serum L + Z Levels

In addition to measuring CNS L + Z levels (as MPOD), L + Z were measured in the serum via high
performance liquid chromatography (HPLC) to confirm participant compliance. The methods used to
collect serum samples and measure L and Z concentration have been presented previously [25].

2.3.3. Cognitive Function

Cognitive function was tested using a computerized test battery (CNS Vital Signs; Morrisville, NC,
USA) at baseline, 4-, 8- and 12-month time points [26]. The procedure used to collect cognitive function
data was presented previously [18]. Briefly, in order to complete computerized tests, participants
were seated in front of a Dell E 2211H 18-inch monitor with a full QWERTY keyboard. A research
assistant familiar with the test procedure remained in the room with the participant during the entire
test protocol. Visual acuity of 20:40 or better was confirmed prior to enrollment. Prior to each test set,
participants were given a practice session to confirm that test instructions were clear.

Individual functional tests and cognitive domains computed by raw scores on these tests are
listed in Table 2, and have been presented previously [18]. During the test session, participants were
given the same sequence of individual tests, each designed to measure some aspect of cognitive
function. Raw scores on these individual tests were used to calculate cognitive domain scores,
which were used in statistical analysis. For example, average numbers of taps executed by the
right and left hands on the Finger Tapping Test were combined with the number of correct responses
on the Symbol-Digit Coding task to compute the Psychomotor Speed domain score. Errors on the
Stroop Task, Continuous Performance Task and Shifting Attention Task were combined to compute
the Complex Attention domain score. For a complete list of tests administered, domains computed
and computation parameters, see Table 2 and [18].

Table 2. Individual tests administered and cognitive domains evaluated in the test battery.

Domain Corresponding Tests Computation Procedure

Correct hits for presented words + correct
Verbal Memory (VeM) Verbal Memory Test passes on distractors for tests immediately
after presentation and after a 30-min delay.

Correct hits for presented shapes and
symbols + correct passes on distractors for

Visual Memory (VIM) Visual Memory Test tests immediately after presentation and after
a 30-min delay.
. . Correct responses on the NVRT —
Reasoning (R) Non-Verbal Reasoning Test (NVRT) commission errors on the NVRT.
Executive Function (EF) Shifting Attention Test (SAT) Correct responses on the SAT — errors on

the SAT.
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Table 2. Cont.

Domain Corresponding Tests Computation Procedure
Average number of taps on the FTT with the
Finger Tapping Test (FTT) right hand + average number of taps with the
Psychomotor Speed (PmS) Symbol-Digit Coding Test (SDC) left hand + number of correct responses on
the SDC
Stroop Test (ST) Commission errors on the ST + Errors on the
Complex Attention (CA) SAT SAT + Commission and omission errors on
Continuous Performance Task (CPT) the CPT
- - SAT Correct responses on the SAT — errors on the
Cognitive Flexibility (CF) ST SAT — Commission errors on the ST

Note: Raw scores computed as described above were used in all statistical analyses.

2.3.4. Statistical Analyses and other Considerations

All statistical analyses were performed using SPSS version 23 (IBM) with p < 0.05 as the criterion
for significance. The following domain scores were compared in statistical analyses: verbal memory,
visual memory, reasoning, executive function, psychomotor speed, complex attention and cognitive
flexibility. All tests were one-tailed, given the directional nature of the a priori hypotheses, specified
below. The relationship between nutritional status and cognitive function was analyzed in two ways,
as follows:

First, domain scores from participants on the placebo were directly compared against domain
scores from participants taking the active supplement. To make these comparisons, difference
scores were computed between baseline and 12-month time points for each cognitive domain tested,
and those difference scores were compared between groups receiving placebo and those receiving
the active supplement, for each domain. This comparison tests whether or not supplementation with
L + Z was able to improve MPOD (the study biomarker of CNS xanthophyll levels) and whether such
increases could affect cognitive function.

The second set of comparisons was aimed at addressing two major issues commonly seen in
nutritional trials: poor compliance and dietary change. Non-compliance with the study regimen is
seen in a number of clinical trials, from drug trials to nutrition trials, and we expected that some
participants would not consistently take their nutritional supplement. Those in the active group who
did not consistently take their supplements would, we predicted, have performance similar to placebo
participants, rather than to other active supplement users.

The issue of dietary change is more complex. Although many nutrition trials (this trial included)
are double-masked, to adhere to the tenets of the Declaration of Helsinki, participants should to the
extent possible be informed about the nature of the trial. This model is most commonly used in drug
trials, where participants either cannot acquire or would have some difficulty acquiring the active
agent being tested. In nutrition trials that follow this “gold standard” randomized, double-masked,
placebo-controlled trial model, once participants know the identity of the test supplement and the
motivation for testing it, they can do individual research on the ingredients within that supplement
and actually acquire the test molecules via the diet (or, if available, as is true in this case, in supplement
form). In the current study, for example, participants were told at baseline that they would be taking
either an active supplement containing L + Z or a visually identical placebo to examine putative
benefits of these molecules on cognitive function. Given that fact, we expected that participants who
researched the foods that naturally contain L and Z to learn more about the molecules might (even
unintentionally) start increasing intakes of L- and Z-containing foods. For placebo group participants,
we predicted that these dietary changes (or the frank obtaining of actives in the dietary supplement
market) would cause performance to look more like the performance of active supplement users.
Finally, it is well known that participants in clinical trials with diet questionnaires will unconsciously
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improve their diet (and in some cases other aspects of their lifestyle (exercise, alcohol intake and so
forth) over the course of the study—perhaps simply because they know someone is “watching”.

In an attempt to determine whether or not participants changed dietary intakes, a food frequency
questionnaire (FFQ) was collected at baseline and 12-month time points to measure fruit and vegetable
intake. Participants in both groups tended to slightly increase the number of servings of fruits and
vegetables consumed per day between baseline (3+ servings of fruits + vegetables per day) and
12 months (4+ servings/day). With respect to the compliance issue, compliance calls, pill counts and
serum analysis suggested that 6 out of 37 participants in the active group were not fully compliant over
the course of the year with the supplement regiment (these participants reported forgetting to take
pills in at least three compliance phone calls), and thus would be less likely to show changes in MP
optical density, the study biomarker of increased L + Z levels in the CNS. Finally, past research [27] has
suggested that a small subset of the population is likely unable to absorb and/or appropriately traffic
L and Z, and thus would not show serum and retinal responses even if they were fully compliant with
the supplementation regimen.

To address these issues statistically, difference scores between MPOD at baseline and 12 months
were computed. All participants who showed an increase of 0.10+ log units of MPOD, regardless of
randomized group membership at study entry, were then grouped (n = 27) and were compared against
participants whose MPOD did not increase (n = 24). Cognitive performance was then compared
between those whose MPOD increased vs. those who did not increase. This comparison indicates
whether or not increases in CNS L + Z (as predicted by MPOD measures) can improve cognitive
function, irrespective of what caused the increased L + Z status.

3. Results

3.1. Retinal L + Z Levels

At baseline, MPOD in the study sample was higher (M = 0.48 &£ 0.18) than previously published
averages for healthy adults (M = approximately 0.3; [28,29]), indicating that the sample was relatively
well-nourished. Following one year of supplementation, those on the active supplement increased
significantly (p < 0.001) between the baseline (M = 0.47 &+ 0.18) and 12-month (M = 0.56 % 0.16)
time-points. The participants on placebo did not increase significantly (baseline: 0.40 & 0.12, 12-month:
0.44 £ 0.18; p > 0.05).

3.2. Serum L + Z Levels

At baseline, serum L, Z and L + Z levels were not significantly different between the participants
randomized into the active supplement group vs. the placebo group (see Table 3). Following one year
of supplementation, serum L (p = 0.029), Z (p = 0.011) and L + Z (p = 0.023) levels were all significantly
higher in the active supplement group than the placebo group (see Table 4, Figure 1).

Table 3. Baseline serum levels by supplement group.

Grou Serum Lutein Serum Zeaxanthin Lutein + Zeaxanthin
P (ng/puL) (ng/uL) (ng/pL)
Active, Mean + SD 0.11 £ 0.07 0.03 £+ 0.02 0.14 £+ 0.08
Placebo, Mean =+ SD 0.10 £ 0.03 0.03 £+ 0.02 0.13 £ 0.04

None of the differences between the groups were statistically significant at baseline.
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Table 4. Serum levels following one year of supplementation.

Grou Serum Lutein Serum Zeaxanthin Lutein + Zeaxanthin
P (ng/uL) (ng/uL) (ng/uL)
Active, Mean + SD 0.38 = 0.28 0.08 £ 0.05 0.46 £ 0.32
Placebo, Mean =+ SD 0.19 +£0.19 0.04 + 0.04 0.23 +£0.23

Note: Statistically significant differences were seen between the placebo group and the control group for serum
L (p=0.029), Z (p = 0.011), and L + Z (p = 0.023) following one year of supplementation.
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Figure 1. Serum changes from baseline to 12-month time points in: (a) lutein (L); (b) zeaxanthin (Z);
and (c) and lutein + zeaxanthin (L + Z). Error bars represent the standard deviation of the mean at each
time point.

3.3. Cognitive Function

At baseline, participants were not significantly different from each other on any of the cognitive
domains tested. Given the fact that participants were tested four times throughout the course of the
study, practice effects were anticipated, and seen, regardless of group identity (see Table 5).

As mentioned previously, not all members of the supplement group were compliant with the
intervention, and some of the members of the placebo group also had increases in MPOD (likely
due to dietary changes since the intervention was an entire year). Consequently, analyses were
conducted in two ways: by supplement group, and by percent increase in MPOD, regardless of group
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membership. With respect to supplement status, after 12 months of supplementation, participants
taking the active supplement had significantly higher performance on visual memory tasks (p < 0.04)
than those participants taking the placebo (see Figure 2). Analysis of the Reliable Change Index
(RCI) using a standard criterion of 1.96 for both groups suggested that the effects seen in the active
supplement group were not simply due to practice effects (RCI active = 6.77; RCI placebo = 1.88).

Table 5. Practice effects demonstrated by improvement in cognitive function across domains, regardless
of supplementation status.

Grou Verbal Visual Reasoning Executive Complex Cognitive
P Memory Memory Ability Function  Attention*  Flexibility
Baseline Mean, 54.22 41.04 9.06 53.73 7.38 52.02
all subjects
12-Month Mezn, 56.26 49.24 10.20 62.59 5.98 60.65
all subjects
Average change
between baseline
and 12 months, 3.57 493 1.64 8.86 0.46 8.43
placebo group
participants

* Lower score = fewer errors; for all other scores, an increase indicates improved performance.

12

=
o
I

Mean improvement in spatial memory

12mglL+Z Placebo

Figure 2. Average (with standard error of the mean, SEM) improvement in spatial memory following
one-year supplementation. L, lutein; Z, zeaxanthin.

With respect to percent increase in MPOD, baseline MPOD was subtracted from 12-month MPOD
scores. Participants who had numerical increases of 0.10 or greater were classified as “increasers”,
and participants who did not increase by a minimum of 0.10 were classified as “flat liners”, regardless
of supplement group assignment. Compared to “flat liners”, participants with improvements of at
least 0.10 for MPOD not only maintained significant differences in visual memory (p < 0.05) also
scored significantly higher in the complex attention (p < 0.04) and reasoning ability (p < 0.05) tasks
(see Figures 3 and 4). Analysis of the RClIs for each task suggested, again, that the differences seen in
complex attention (RCI for “increasers” = 2.02; RCI for “flat liners” = 0.00) and likely reasoning ability
(RCT for “increasers” = 1.94; RCI for “flat liners” = 0.18) were not due simply to practice effects.
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4. Discussion

This randomized, double-masked, placebo-controlled study tested the effects of one year of
nutritional supplementation (10 mg of L and 2 mg of Z) on the cognitive function of healthy,
well-nourished college students. L and Z were picked because they are commonly available in
supplement form (often marketed for eye health) and the xanthophylls are commonly found in food
(e.g., supplementing spinach will directly increase retinal levels [27]). They can also be easily measured
in central nervous tissue (neural retina) [8] and are found in some key locations in the brain, such as
hippocampus, and frontal and occipital cortex [9]. We originally speculated that changing cognitive
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function via a simple dietary intervention in young well-nourished college students was unlikely.
Past studies, such as the companion older adult sample tested in the larger study from which these
data were drawn [18], and others (e.g., [19]) have shown improvements in cognitive function in
older adults. Older adult samples tend to have baseline cognitive function that is more variable
(e.g., [10,11,13]), with a higher proportion of individuals who are at risk for dementia. Consequently,
the older adult population is likely to an easier population in which to demonstrate change. This young
adult, highly educated sample was selected deliberately to isolate treatment effects that were not
likely to be confounded by education status, underlying nutritional deficiency, or progression toward
cognitive impairment. Nonetheless, we were able to measure several distinct cognitive benefits that
were directly tied to increasing central nervous system levels of L and Z, as shown by increased MPOD,
even though the starting MPOD levels were substantially higher than those previously reported for
the general population.

The most significant effect according to treatment was visual memory: the treated group changed
but the placebos did not. In a recent study that tested retinal and brain L and Z levels in human
decedents, L tended to be relatively highly concentrated in occipital cortex, and L + Z levels in
neural retina tended to be highly (r = 0.78) correlated to brain levels of the macular carotenoids in
occipital lobe [9]. This current study represents the first of its kind that suggests that increasing CNS
L + Z can also improve performance in a function that is mediated in large part by occipital cortex,
which preferentially accumulates L + Z relative to the other carotenoids more commonly consumed in
the diet [30] in young, otherwise healthy, high performing subjects.

Visual memory is a relatively low-level cognitive function. Sometimes referred to as stimulus
memory [31], it reflects dynamic cortical changes resulting from the storage or processing of visual
stimuli. It is the stage that precedes processing by other structures such as the hippocampus which
encodes more complex visual memories such as maps or scenes. Visual memory is hard to distinguish
from attention since some aspects of the stimulus must be attended to in order to enter visual memory
in the first place [32]. Characteristics such as visual memory, attention and processing speed have all,
in turn, been related to improved reasoning ability [22,33].

In our study, the xanthophyll intervention was related to all three of these variables: visual
memory, complex attention and reasoning ability. Specifically, improved visual memory was related
to the treatment; complex attention and reasoning ability were improved only if significant increases
in MP were also achieved. The fact that L + Z supplementation was related specifically to these
variables in the younger adults may not be coincidence. As noted, these three cognitive functions are,
in some ways, related to each other. Our results further suggest, however, that they are physiologically
connected in a way that xanthophylls could improve, even in the young, who are, theoretically,
also near ceiling in these functions. Earlier data from our lab has indicated that speed of processing
in young subjects can also be changed by changing MPOD [14,15]. It is important to note that the
intervention was not related to change in any of the other cognitive functions tested, and some of
the functions that improved in the companion older adult sample [18] did not also improve in the
young adult sample. Additional neuroimaging analyses of the entire study sample, including the
older adult sample, suggests that L + Z supplementation improves white matter integrity in regions
of brain known to show white matter declines in older age, and in those at risk for dementia [34].
Supplementation with L + Z also buffers against age-related declines in verbal learning and memory
and improves cerebral perfusion in older adults [17]. Consequently, L + Z might be serving multiple
functions in the CNS, some of which are more important in older age.

One common factor that could affect all of these functions is a general improvement in neural
efficiency, a hypothesis proposed for L + Z in 2010 [35]. Hence, increasing central levels of L + Z
could improve neural efficiency, which would both speed neural conduction while simultaneously
reducing the likelihood of cross-talk between axons. Such basic effects can influence higher functions.
The latter, for instance, could lower interference allowing multiple representations within the brain
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to be maintained and operated upon. We are currently using neuroimaging methods to assess
these possibilities.

In the current study, several limitations should be considered with respect to generalizability.
As mentioned previously, this sample was selected with the intention of avoiding both underlying
nutritional deficiency that can contribute to poor cognitive performance, and cognitive differences
between subjects that are due to differences in education level. Consequently, we ended up
with a sample that should have been difficult to improve. The fact that these participants were
well-nourished and cognitively high performing at baseline may limit generalizability to those with,
for example, cognitive and neurological disease states.

Acknowledgments: The authors would like to acknowledge Matthew Tankersley and Medina Bello for their
assistance with study coordination and data management, and Joanne Curran-Celentano and Karen Semo
for assistance with serum analysis. This work was supported by Abbott Nutrition; Columbus, OH. Active
supplements and placebos were supplied by DSM Nutritional Products; Basel, Switzerland.

Author Contributions: L.M.R.-H., B.R.H. and L.S.M. contributed to research study design; LM.R.-H., B.R.H,,
ER.B., LMFE, LSM., CMM. and C.A L. collected study data; ].H.B. provided study materials; L.M.R.-H., B.R.H.
and L.S.M. contributed to data analysis; L.M.R.-H. and B.R.H. drafted the initial manuscript; LM.R.-H., BR.H.,
J.H.B. and L.S.M. primarily edited the manuscript; and LM.R.-H., ER.B.,, LM.E, LSM,,JH.B,, C.A.L, CM.M.
and B.R.H. assume responsibility for the final content of the manuscript.

Conflicts of Interest: Authors L.M.R.-H. and B.R.H. have received honoraria from Abbott Nutrition for
presentation of research findings and L.R.H. was employed by Abbott Nutrition for a portion of the data collection
period. Author ].H.B. was an employee of Abbott Nutrition. No other authors have conflicts of interest to disclose.

Registry Information: ClinicalTrials.gov number, NCT02023645.

Abbreviations

L lutein

Z zeaxanthin

MPOD macular pigment optical density
Mz meso-zeaxanthin

CNS central nervous system

MP macular pigment

HPLC high-performance liquid chromatography
FFQ food frequency questionnaire
RCI reliable change index

VeM verbal memory

ViM visual memory

R reasoning

EF executive function

PmS psychomotor speed

CA complex attention

CF cognitive flexibility

NVRT non-verbal reasoning test
SAT shifting attention test

FIT finger tapping test

SDC symbol-digit coding

ST Stroop test

CPT continuous performance task
References

1. Gomez-Pinilla, F. Brain foods: The effects of nutrients on brain function. Nat. Rev. Neurosci. 2008, 9, 568-578.
[CrossRef] [PubMed]

2. Joseph, J.A; Shukitt-Hale, B.; Casadesus, G.; Fisher, D. Oxidative stress and inflammation in brain aging:
Nutritional considerations. Neurochem. Res. 2005, 30, 927-935. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrn2421
http://www.ncbi.nlm.nih.gov/pubmed/18568016
http://dx.doi.org/10.1007/s11064-005-6967-4
http://www.ncbi.nlm.nih.gov/pubmed/16187227

Nutrients 2017, 9, 1246 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bourre, ].M. Effects of nutrients (in food) on the structure and function of the nervous system: Update on
dietary requirements for brain. Part 1: Micronutrients. J. Nutr. Health Aging 2006, 10, 377-385. [PubMed]
Carlson, S.E.; Carver, ].D.; House, S.G. High fat diets varying in ratios of polyunsaturated to saturated fatty
acid and linoleic to linolenic acid: A comparison of rat neural and red cell membrane phospholipids. |. Nutr.
1986, 116, 718-725. [PubMed]

Cook, C.C.; Thomson, A.D. B-complex vitamins in the prophylaxis and treatment of Wernicke-Korsakoff
syndrome. Br. J. Hosp. Med. 1997, 57, 461-465. [PubMed]

McCaddon, A.; Regland, B.; Hudson, P.; Davies, G. Functional vitamin B12 deficiency and Alzheimer disease.
Neurology 2002, 58, 1395-1399. [CrossRef] [PubMed]

Erdman, J.W.; Smith, ].W.; Kuchan, M.].; Mohn, E.S.; Johnson, E.J.; Rubakhin, S.S.; Wang, L.; Sweedler, ].V.;
Neuringer, M. Lutein and Brain Function. Foods 2015, 4, 547-564. [CrossRef] [PubMed]

Hammond, B.R.J.; Wooten, B.R.; Smollon, B. Assessment of the validity of in vivo methods of measuring
human macular pigment optical density. Optom. Vis. Sci. 2005, 82, 387-404. [CrossRef] [PubMed]
Vishwanathan, R.; Schalch, W.; Johnson, E.J. Macular pigment carotenoids in the retina and occipital cortex
are related in humans. Nutr. Neurosci. 2015, 19, 95-101. [CrossRef] [PubMed]

Renzi, L.M.; Dengler, M.].; Puente, A.; Miller, L.S.; Hammond, B.R.]. Relationships between macular
pigment optical density and cognitive function in unimpaired and mildly cognitively impaired older
adults. Neurobiol. Aging 2014, 35, 1695-1699. [CrossRef] [PubMed]

Feeney, J.; Finucane, C.; Savva, G.M.; Cronin, H.; Beatty, S.; Nolan, ] M.; Kenny, R.A. Low macular pigment
optical density is associated with lower cognitive performance in a large, population-based sample of older
adults. Neurobiol. Aging 2013, 34, 2449-2456. [CrossRef] [PubMed]

Kelly, D.; Coen, R.E,; Akuffo, K.O,; Beatty, S.; Dennison, J.; Moran, R.; Stack, J.; Howard, A.N.; Mulcahy, R.;
Nolan, ].M. Cognitive Function and Its Relationship with Macular Pigment Optical Density and Serum
Concentrations of its Constituent Carotenoids. J. Alzheimers Dis. 2015, 48, 261-277. [CrossRef] [PubMed]
Vishwanathan, R.; Iannaccone, A.; Scott, TM.; Kritchevsky, S.B.; Jennings, B.J.; Carboni, G.; Forma, G.;
Satterfield, S.; Harris, T.; Johnson, K.C.; et al. Macular pigment optical density is related to cognitive function
in older people. Age Ageing 2014, 43, 271-275. [CrossRef] [PubMed]

Bovier, E.R.; Renzi, L.M.; Hammond, B.R. A double-blind, placebo-controlled study on the effects of lutein
and zeaxanthin on neural processing speed and efficiency. PLoS ONE 2014, 9, e108178. [CrossRef] [PubMed]
Bovier, E.R.; Hammond, B.R. A randomized placebo-controlled study on the effects of lutein and zeaxanthin
on visual processing speed in young healthy subjects. Arch. Biochem. Biophys. 2015, 572, 54-57. [CrossRef]
[PubMed]

Johnson, E.; Vishwanathan, R.; Mohn, E.; Haddock, J.; Rasmussen, H.; Scott, T. Avocado Consumption
Increases Neural Lutein and Improves Cognitive Function. FASEB J. 2015, 29, 32.8.

Lindbergh, C.A.; Renzi-Hammond, L.M.; Hammond, B.R.; Terry, D.P; Mewborn, C.M.; Puente, A.N.;
Miller, L.S. Lutein and Zeaxanthin Influence Brain Function in Older Adults: A Randomized Controlled
Trial. J. Int. Neuropsychol. Soc. 2017, 1-14. [CrossRef] [PubMed]

Hammond, B.R.; Miller, L.S.; Bello, M.O.; Lindbergh, C.A.; Mewborn, C.; Renzi-Hammond, L.M. 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, 254. [CrossRef]
[PubMed]

Johnson, E.J.; McDonald, K.; Caldarella, S.M.; Chung, H.-Y.; Troen, A.M.; Snodderly, D.M. Cognitive findings
of an exploratory trial of docosahexaenoic acid and lutein supplementation in older women. Nutr. Neurosci.
2008, 11, 75-83. [CrossRef] [PubMed]

Zlody, R.L. The Relationship between Critical Flicker Frequency (CFF) and Several Intellectual Measures.
Am. ]. Psychol. 1965, 78, 596. [CrossRef] [PubMed]

Owsley, C. Visual processing speed. Vis. Res. 2013, 90, 52-56. [CrossRef] [PubMed]

Satlhouse, D.J.; Timothy, A.; Madden, D.]. Information Processing Speed and Aging. In Information Processing
Speed in Clinical Populations; DeLuca, J., Kalmar, J.H., Eds.; Taylor and Frances: New York, NY, USA, 2008;
pp. 221-242.

Stringham, ].M.; Hammond, B.R.; Nolan, ].M.; Wooten, B.R.; Mammen, A.; Smollon, W.; Snodderly, D.M.
The utility of using customized heterochromatic flicker photometry (cHFP) to measure macular pigment in
patients with age-related macular degeneration. Exp. Eye Res. 2008, 87, 445-453. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/17066209
http://www.ncbi.nlm.nih.gov/pubmed/2871142
http://www.ncbi.nlm.nih.gov/pubmed/9274684
http://dx.doi.org/10.1212/WNL.58.9.1395
http://www.ncbi.nlm.nih.gov/pubmed/12011287
http://dx.doi.org/10.3390/foods4040547
http://www.ncbi.nlm.nih.gov/pubmed/26566524
http://dx.doi.org/10.1097/01.OPX.0000162652.85875.D2
http://www.ncbi.nlm.nih.gov/pubmed/15894915
http://dx.doi.org/10.1179/1476830514Y.0000000141
http://www.ncbi.nlm.nih.gov/pubmed/25752849
http://dx.doi.org/10.1016/j.neurobiolaging.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24508218
http://dx.doi.org/10.1016/j.neurobiolaging.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23769396
http://dx.doi.org/10.3233/JAD-150199
http://www.ncbi.nlm.nih.gov/pubmed/26401946
http://dx.doi.org/10.1093/ageing/aft210
http://www.ncbi.nlm.nih.gov/pubmed/24435852
http://dx.doi.org/10.1371/journal.pone.0108178
http://www.ncbi.nlm.nih.gov/pubmed/25251377
http://dx.doi.org/10.1016/j.abb.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25483230
http://dx.doi.org/10.1017/S1355617717000534
http://www.ncbi.nlm.nih.gov/pubmed/28695791
http://dx.doi.org/10.3389/fnagi.2017.00254
http://www.ncbi.nlm.nih.gov/pubmed/28824416
http://dx.doi.org/10.1179/147683008X301450
http://www.ncbi.nlm.nih.gov/pubmed/18510807
http://dx.doi.org/10.2307/1420921
http://www.ncbi.nlm.nih.gov/pubmed/5839927
http://dx.doi.org/10.1016/j.visres.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23231958
http://dx.doi.org/10.1016/j.exer.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18778703

Nutrients 2017, 9, 1246 13 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wooten, B.R.; Hammond, B.R.; Land, R.IL; Snodderly, D.M. A practical method for measuring macular
pigment optical density. Investig. Ophthalmol. Vis. Sci. 1999, 40, 2481-2489.

Lindbergh, C.A.; Mewborn, C.M.; Hammond, B.R.; Renzi-Hammond, L.M.; Curran-Celentano, J.M.;
Miller, L.S. Relationship of Lutein and Zeaxanthin Levels to Neurocognitive Functioning: An fMRI Study of
Older Adults. J. Int. Neuropsychol. Soc. 2017, 23, 11-22. [CrossRef] [PubMed]

Gualtieri, C.T.; Johnson, L.G. Reliability and validity of a computerized neurocognitive test battery, CNS
Vital Signs. Arch. Clin. Neuropsychol. 2006, 21, 623-643. [CrossRef] [PubMed]

Hammond, B.R,, Jr.; Johnson, E.J.; Russell, R.M.; Krinsky, N.I.; Yeum, K.].; Edwards, R.B.; Snodderly, D.M.
Dietary modification of human macular pigment density. Investig. Ophthalmol. Vis. Sci. 1997, 38, 1795-1801.
Hammond, B.R.; Caruso-Avery, M. Macular pigment optical density in a Southwestern sample.
Investig. Ophthalmol. Vis. Sci. 2000, 41, 1492-1497.

Curran-Celentano, J.; Hammond, B.R.; Ciulla, T.A.; Cooper, D.A.; Pratt, L.M.; Danis, R.B. Relation between
dietary intake, serum concentrations, and retinal concentrations of lutein and zeaxanthin in adults in
a Midwest population. Am. . Clin. Nutr. 2001, 74, 796-802. [PubMed]

Craft, N.; Dorey, C.K. Carotenoid, tocopherol, and retinal concentrations in elderly human brain. J. Nutr.
Health Aging 2004, 8, 156-162. [PubMed]

Murray, E.A. What have ablation studies told us about the neural substrates of stimulus memory?
Semin. Neurosci. 1996, 8, 13-22. [CrossRef]

Downing, P.E. Interactions between visual working memory and selective attention. Psychol. Sci. 2000, 11,
467-473. [CrossRef] [PubMed]

Lean, G.; (Ken) Clements, M.A. Spatial ability, visual imagery, and mathematical performance.
Educ. Stud. Math. 1981, 12, 267-299. [CrossRef]

Mewborn, C.; Terry, D.; Lindbergh, C.; Renzi-Hammond, L.; Hammond, B.; Miller, L. Aging and
Dementia-2Retinal and Serum Lutein and Zeaxanthin: Relation to white Matter Integrity in Younger
and Older Adults. Arch. Clin. Neuropsychol. 2016, 31, 573. [CrossRef]

Renzi, L.M.; Hammond, B.R. The relation between the macular carotenoids, lutein and zeaxanthin,
and temporal vision. Ophthalmic Physiol. Opt. 2010, 30, 351-357. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1017/S1355617716000850
http://www.ncbi.nlm.nih.gov/pubmed/27776568
http://dx.doi.org/10.1016/j.acn.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17014981
http://www.ncbi.nlm.nih.gov/pubmed/11722962
http://www.ncbi.nlm.nih.gov/pubmed/15129301
http://dx.doi.org/10.1006/smns.1996.0003
http://dx.doi.org/10.1111/1467-9280.00290
http://www.ncbi.nlm.nih.gov/pubmed/11202491
http://dx.doi.org/10.1007/BF00311060
http://dx.doi.org/10.1093/arclin/acw042.06
http://dx.doi.org/10.1111/j.1475-1313.2010.00720.x
http://www.ncbi.nlm.nih.gov/pubmed/20492542
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Ethics 
	Methods 
	Retinal L + Z Levels 
	Serum L + Z Levels 
	Cognitive Function 
	Statistical Analyses and other Considerations 


	Results 
	Retinal L + Z Levels 
	Serum L + Z Levels 
	Cognitive Function 

	Discussion 

