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ABSTRACT

Introduction: Supplementation with dietary
neuro-pigments lutein (L) and zeaxanthin
(Z) has been shown to improve many aspects of
visual and cognitive function in adults. In this
study, we tested whether a similar intervention
could improve such outcomes in preadolescent
children.

Methods: Sixty children (age range 5-12 years)
were randomized in a 2:1 ratio in this double-
blind, placebo-controlled clinical trial. Subjects
were supplemented with gummies containing
either a combination of 10 mg lutein and 2 mg
zeaxanthin (LZ) or placebo for 180 days. Macu-
lar pigment optical density (MPOD) was the
primary endpoint. The secondary endpoints
included serum levels of L and Z, and brain-
derived neurotrophic factor (BDNF), critical
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flicker fusion (CFF), eye strain and fatigue using
visual analogue scales (VAS), Children’s Sleep
Habits Questionnaire-Abbreviated (CSHQ-A),
and Creyos Health cognitive domains like
attention, focus/concentration, episodic mem-
ory and learning, visuospatial working memory,
and visuospatial processing speed. Safety was
assessed throughout the study on the basis of
physical examination, vital signs, clinical labo-
ratory tests, and monitoring of adverse events.
Results: The LZ group showed significant
increases in MPOD at all visits post-supple-
mentation, with significant increases as early as
day 42 compared to placebo. The LZ group
showed significant increases in serum lutein
levels, reduced eye strain and fatigue, and
improved cognitive performance (focus, episo-
dic memory and learning, visuospatial working
memory) at days 90 and 180 compared to pla-
cebo. Further, the LZ group showed significant
increases in processing speed (CFF), attention,
visuospatial processing, and serum Z and BDNF
levels on day 180 compared to placebo. No
safety concerns were observed.

Conclusions: Supplementing LZ resulted in
increased MPOD levels, along with increased
serum levels of L, Z, and BDNF. These changes
were associated with improved visual and cog-
nitive performances and reduction in eye strain
and eye fatigue in the children receiving LZ
gummies. The investigational product was safe
and well tolerated.
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Key Summary Points

Why carry out this study?

Supplementing L and Z in young adults
improves many aspects of vision and
cognitive functions

It is not known whether, like in adults and
the elderly, an intervention with LZ can
actually result in changes in the visual
performance and brain function of
children

What was learned from the study?

Supplementing preadolescents with LZ
gummies increased MPOD, serum L and Z,
and BDNF. These changes improved visual
and cognitive performance, and reduced
eye strain and fatigue in children

The investigational product was safe and
well tolerated

The sequalae of positive visual and
cognitive effects combined with the ease
of this intervention suggests that this type
of supplementation might be an
additional tool that might help optimize
central nervous system development,
especially in typically undernourished
children

INTRODUCTION

A common aphorism in pediatrics observes that
children are not simply small adults [1]. This is
particularly true when considering the rapid
maturation of the central nervous system
(CNS). For example, 90% of brain growth occurs

before the age of five (doubling in size the first
year) [2]. Such rapid change makes adolescents
particularly responsive to both environmental
and dietary input. Such input, however, can be
either positive or negative. For example, the
increasing use of digital media and devices early
in childhood has likely contributed to increas-
ing rates of myopia [3] and asthenopia (approx.
20%) [4]/digital eye strain [S]. Dietary deficien-
cies are particularly impactful on a system that
is rapidly building and, hence, requires both
foundational support and enhanced protection
from the increases in metabolism that such
building entails. The brain is about 60% fat by
volume (the composition being influenced by
intake) [6], and the young brain is more vul-
nerable to oxidative [7] and inflammatory stress
[8]. These increased vulnerabilities are likely
why so much aging/insult to the CNS occurs in
the first two decades. Metabolic stress due to
accumulation of metabolites including lactate
and free radicals is exacerbated by other sus-
ceptibilities like a crystalline lens which is
highly transparent in young adults as compared
to old and transmits much higher proportions
of ultraviolet light (e.g., the young lens trans-
mits UVB up to the age of about 30 years) [9].
Taken together, it creates a system with both
extreme potential and vulnerability.

The disproportional impact of development
is, of course, why special attention must be paid
to both the optimal diet and experience of
children. It seems likely that the CNS has
evolved mechanisms for optimizing develop-
ment but such optimization requires proper
input. On the environmental side, the system is
highly plastic, e.g., the acquisition of languages,
visual motor skills, etc. is enhanced. On the
dietary side, the brain absorbs a wide array of
phytochemicals in regions necessary for cogni-
tive growth. For example, the lipid-soluble
antioxidant/anti-inflammatory pigments lutein
and zeaxanthin (L and Z) are found in relatively
high concentration [10] in areas such as the
hippocampus, occipital and frontal cortex (ar-
eas critical for information processing) [11].
Interventional studies have shown that supple-
menting L and Z in young adults results in
improvements in many aspects of cognition
ranging from cognitive fundamentals (like
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visual processing speed) to higher-order execu-
tive functions (such as verbal fluency and
memory) reviewed in Stringham et al., 2019
[12]. Improved cognitive function in adoles-
cents also correlates with higher levels of L and
Z [13-17] in CNS tissue (retinal levels are often
taken as a biomarker for increased amounts in
brain) [10]. What remains is the question of
whether, like adults and the elderly, an inter-
vention with LZ can actually result in changes
in the vision and brain function of children.
That was the purpose of the present study.

L and Z are not synthesized by humans and
have to be provided through dietary sources
[18]. Epidemiological data indicate that the
average intake of L and Z from dietary sources is
in the range of 1 to 2mg/day [19-21] with
considerable inter-individual variability in
serum concentrations and MPOD [22]. In a US
study conducted in 2003-2004 by National
Health and Nutrition Examination Survey
(NHANES) based on 24 h diet recall estimated
an average lutein intake of 311 pg/day among
4-8-year-olds, 335 pg/day for 9-13-year-olds,
and 432 pg/day for 14-18-year-olds [23]. How-
ever, a similar Canadian study indicated higher
(1230 pg/day) lutein intake in children with
mean age 5.75 years [24]. The European Food
Safety Agency (EFSA) database on children 3—-
9 years of age indicates that in all the member
states, the consumption of fruit and vegeta-
bles intake is substantially below the World
Health Organization (WHO) recommendations
[25]. Overall existing data indicate racial differ-
ences in MPOD levels, with Caucasians having
significantly lower MPOD levels compared with
African Americans and South Asians [26, 27]. To
our knowledge, there is no published data on
the lutein intake of Indian populations includ-
ing children.

L and Z at a dietary ratio of 5:1 has been
extensively explored in multiple clinical trials at
a dose of 10mg lutein in combination with
2 mg zeaxanthin and has been shown to pro-
vide optimal eye-related health benefits while
being safe [28-38]. Further, the formulation
used in the current study has also been con-
firmed previously in multiple clinical studies to
safely provide visual and cognitive health ben-
efits in healthy subjects in age groups of

18-60 years [39, 40]. Studies show that L and Z
supplements are safe for all age groups includ-
ing infants and children and have been used
effectively to increase plasma levels of L and Z
with visual benefits and enhanced cognitive
performance during childhood [41].

The current study explores the efficacy and
safety of L and Z supplementation in the form
of gummies in a randomized, double-blind,
placebo-controlled study in young children in
relation to visual and cognitive benefits.

METHODS

Study Design and Procedures

This was a prospective, randomized, double-
blind, placebo-controlled, two-arm, parallel,
single-center, clinical interventional study in
children aged between 5 and 12 years. The
study was initiated after obtaining written
approval from an institutional ethics committee
(Pranav Diabetes Center Ethics Committee,
Bengaluru, Karnataka, India). The study was
carried out as per the requirements of the
Indian Council of Medical Research (ICMR)
ethical guidelines, International Council for
Harmonization (ICH) Guidance on Good Clin-
ical Practice (E6R2), and the Declaration of
Helsinki. The study was registered with the
Clinical Trials Registry of India (CTRI/2022/05/
042364).

Children who met the eligibility criteria were
included in the study after obtaining a volun-
tary written consent from the subjects and one
of their parents. Sixty eligible participants were
randomized in a 2:1 ratio to an LZ group and
placebo group. A randomization schedule was
generated by a non-study-assigned, indepen-
dent statistician using R statistical software
(Version 4.3.1, Auckland, New Zealand). The LZ
supplement was a gummy consisting of 10 mg
of lutein and 2 mg zeaxanthin isomers (Lute-
max Kids). The placebo was an identical gummy
but without any active ingredient. Both inves-
tigational products were manufactured by
OmniActive Health Technologies Ltd, India.
After randomization, the subjects were instruc-
ted to consume one gummy every morning

A\ Adis



Adv Ther (2024) 41:1496-1511

1499

after breakfast at the same time every day, for
180 consecutive days.

Total study duration was for a maximum of
191 days which included the screening period
of 7 days, randomization day, and the supple-
mentation period of 180 days (6 months) fol-
lowed by an end of study visit at day 180. The
study was conducted in five visits over a period
of 180 days, i.e., screening/baseline visit (day —
7 to day — 1), randomization visit (day 0), first
follow-up visit (day 42 + 3 days), second fol-
low-up visit (day 90 + 3 days), and end of study
visit (day 180 + 3 days).

Information about gender, age, body weight,
height, BMI, medical and medication history,
dietary intake including any lutein and zeax-
anthin supplements, digital screen exposure
time, presence of allergic problems, and drug
reactions was obtained during the screening
visit.

Inclusion/Exclusion Criteria

Subjects who met all the following inclusion
criteria were included in the study; children
(male/female) of > 5 and < 12 years of age; had
BMI equal to or greater than the 5th percentile
and less than the 85th percentile for age, gen-
der, and height; with minimum screen time,
i.e., exposure to digital devices, 4 h per day;
agreed to maintain their usual dietary habits
throughout the trial period; agreed to maintain
their usual level of activity throughout the trial
period; demonstrated understanding of the
study and willingness to participate as evi-
denced by the participant’s parents or legally
authorized representatives by giving voluntary
written informed consent; who were willing
and able to understand and comply with the
requirements of the study, consume the study
investigational product as instructed, return for
the required treatment period visits, comply
with study procedures, and were able to com-
plete the study.

Subjects who met any of the following cri-
teria were excluded from the study: participants
< 5 or > 12 years of age; having hypersensitivity
or history of allergy to the study product or any
of its ingredients; suffering from a metabolic
disorder (uncontrolled diabetes, uncontrolled
thyroidal condition) and/or from severe chronic

disease (cancer, renal failure, HIV, immunode-
ficiency, hepatic or biliary disorders, uncon-
trolled cardiac disease) or from a disease found
to be inconsistent with the conduct of the study
by the investigator; having a current or relevant
history of any serious, severe, or unstable phys-
ical or psychiatric illness or any medical disor-
der that would make the subject unlikely to
fully complete the study or any condition that
presents undue risk from the study product or
procedures in the opinion of the investigator;
with a recent history (3 months) of serious
infections, injuries, and/or surgeries; consum-
ing carotenoid supplements including lutein
and zeaxanthin, antioxidant supplements, iron,
calcium, and/or other nutritional supplements
and/or health food drinks on a regular basis
(more than three times a week, in the recom-
mended dosage) in the last 1 month prior to
screening visit; have been treated with any
investigational drug or investigational device
within a period of 3 months prior to study
entry; with any other condition which accord-
ing to the investigator would jeopardize the
outcome of the trial; those who, in the judg-
ment of the investigator, were unlikely to
comply with the requirements of this protocol.

Safety and Efficacy Parameters
Safety parameters included monitoring of
adverse events, physical examination, and vital
signs that was conducted by the investigator at
all the visits. Blood samples for safety assess-
ment (hematology, fasting glucose, total biliru-
bin, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase
(ALP), blood urea nitrogen (BUN), creatinine,
and total cholesterol) were collected after an
overnight fasting at screening visit and day 180.
The primary efficacy parameter for this study
was macular pigment optical density (MPOD).
The macular densitometer, supplied by Vekaria
Healthcare LLP, is the gold standard device for
measuring MPOD using heterochromatic flicker
photometry technology (originally developed
by Macular Metrics, LLC) [42]. This method has
been shown to be reliable when used with
children [43]. The instrument measures MPOD
by viewing a small circular stimulus at center
and periphery alternating between a test
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wavelength absorbed by the macular pigment
(MP) (460 nm) and a reference wavelength
(570 nm) which is not absorbed. The standard
protocol originally outlined by Wooten et al.
[42] and refined for children by McCorkle et al.
[43] was used. MPOD assessment was done at all
visits except randomization visit (day 0).

Secondary parameters consisted of visual
processing speed using (Flicker Fusion Appara-
tus, Anand Agencies, Pune, India) critical flicker
fusion (CFF), cognitive performance assessed by
Creyos Health (CH) (formerly Cambridge Brain
Sciences) (Version 20220219040902) [attention
(Feature Match test), focus/concentration
(Double Trouble test), episodic memory and
learning (Paired Associates test), visuospatial
working memory (Monkey Ladder test) and
visuospatial processing speed (Polygons test)],
eye strain and eye fatigue using visual analogue
scales (VAS), concentration of serum lutein and
serum zeaxanthin, serum brain-derived neu-
rotrophic factor (BDNF) levels, and sleep quality
using Children’s Sleep Habits Questionnaire-
Abbreviated (CSHQ-A).

Visual Processing Speed by Critical Flicker
Fusion

CFF thresholds are determined as the rate of
flicker (using square wave alternation) at which
a rapidly flickering light fuses. Since the retina
keeps responding to flicker past the fusion
point, it is generally regarded as being deter-
mined as post-receptoral. Data on children have
shown it correlates with high-order cognitive
processes [44]. CFF frequency was measured
with a standard CFF apparatus developed by
Anand Agencies (Pune, India). Subjects were
oriented to the device and explained the pro-
cedure before turning off the room lights. They
were asked to sit in a chair and view the target
through an eyepiece. CFF thresholds were
determined on the basis of the average of three
ascending trials and three descending trials. CFF
thresholds were assessed at all visits except
randomization visit (day 0).

Contrast Sensitivity

Contrast sensitivity (CS) was measured using
Chart 2020® software (Johannesburg, South
Africa) using sine gratings at 1.5, 3, 6, 12, and
18 cpd. The software uses datacolor’s spyder
calibration device to calibrate the monitor to a
consistent luminance of 85cd/m2. The CS
assessment was done at all visits except ran-
domization visit (day 0).

Cognitive Performance Testing Using
Creyos Health

Cognitive performance was measured via a
computer-based assessment tool from Creyos
Health. Processing speed, sustained attention,
and focus/concentration memory and learning
were assessed through the software’s research
platform. The Feature Match test was used for
attention, Double trouble test for focus/con-
centration, Paired Associates test for episodic
memory and learning, Monkey Ladder test for
visuospatial working memory, and the Polygons
test for visuospatial processing. The cognitive
assessment was done at all visits except ran-
domization visit (day 0).

Feature Match test: Feature Match is a game
of “spot the difference” between two similar sets
of shapes which are not quite as similar as they
first appear and measures ability of the brain to
perceive and process complex visual stimuli.

Double Trouble test: Double Trouble test
measures a key component of concentration,
specifically the ability of the brain to concen-
trate on relevant information to make an
appropriate response, even when distracting
information or interference is present. Double
Trouble test is a modified Stroop effect, referring
to the increased difficulty in naming the print
color of a word when the text of the word refers
to a different color.

Paired Associates test: Assesses episodic
memory and measures ability to remember and
recall specific events, paired with the context in
which they occurred. The test asks subjects to
remember specific objects they previously saw,
along with the location where they were seen.
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Monkey Ladder test: Monkey ladder test
evaluates visuospatial working memory which
is the ability to hold information in memory
and update it on the basis of changing circum-
stances. Monkey Ladder requires storing num-
bers and their locations, then translating that
memory into a series of movements in space.

Polygons test: Polygon test measures visu-
ospatial processing and assesses the ability to
effectively interpret visual information, such as
complex visual stimuli and relationships
between objects, by picking out subtle ditfer-
ences between shapes.

Eye Strain and Eye Fatigue Assessment
Using VAS

Visual analogue scale (VAS) is a psychometric
measurement that documents severity of
symptoms in the form of statistically measur-
able and reproducible score in a subject. Eye
strain and eye fatigue were determined using a
VAS that ranged from O to 10 (0 = no fatigue/
strain to 10 = maximal fatigue/straining). These
assessments were done at all site visits except on
randomization visit (day 0). The change/reduc-
tion in the aforementioned parameters with
respect to baseline screening visit/baseline visit
(day — 7 to day — 1) was assessed.

Sleep Quality Assessment Using Children’s
Sleep Habits Questionnaire-Abbreviated
(CSHQ-A)

The CSHQ-A was used to assess sleep behavior.
It is the most commonly used tool that is con-
ducted through parent-rated questionnaire to
assess the frequency of behaviors associated
with common pediatric sleep difficulties. The 22
items of the CSHQ-A were rated on a five-point
scale. These questions were given to the par-
ents/caregivers to evaluate sleep patterns, dis-
turbances, or behaviors (bedtime, waking
during the night, morning wake up, etc.) at
each site visit except the randomization visit
(day 0).

Analysis of Serum Lutein and Zeaxanthin
Levels

Serum levels of lutein and zeaxanthin were
analyzed by Anthem Biosciences Limited, Ben-
galuru using high-performance liquid chro-
matography (HPLC). All serum samples were
analyzed using the same standard curve. Qual-
ity control samples were distributed through
each batch of study samples assayed as per
standard operating procedure of the bioanalyt-
ical facility. Study samples were stored in a deep
freezer. The sample was then allowed to thaw at
room temperature followed by vortexing. A
10-uL aliquot of internal standard working
solution (about 10g/mlL) was added to
radioimmunoassay (RIA) vials. RIA vials were
filled with 200 pL of human serum and 200 pL
of ethanol and vortexed for 1 min. All samples
were vortexed for 10 min with 0.7 mL of n-
hexane. The samples were centrifuged for
15 min at 4 °C at 4500 revolution per minute.
The organic layer in the supernatant separated,
and the extraction was done twice. The organic
layer in the supernatant was separated and
evaporated to dryness and reconstituted with
200 uL. of mobile phase. The reconstituted
samples were then transferred into pre-labelled
autosampler vials and submitted to the HPLC
apparatus at 10 °C for analysis. All sample pro-
cessing was done in monochromatic light.
Serum lutein and zeaxanthin analysis was done
at screening/baseline visit, day 90, and day 180.

Analysis of Serum BDNF Levels

Quantitative analysis of BDNF in serum was
analyzed using an ELISA kit. Samples were
stored at — 20 °C until the analysis was done.
Serum BDNF analysis was done at screening/
baseline visit, day 90, and day 180.

Statistical Analysis

Determination of Sample Size

The study was designed to have a power of 80%
in order to detect a difference in the LZ arm over
placebo of approximately 0.044 in terms of
mean change in the primary endpoint, standard
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deviation of 0.06, two-sided level of significance
as 5%, with a total 60 subjects. As demonstrated
in numerous studies, when subjects consume a
placebo, neither their serum nor retinal levels of
lutein change appreciably [45, 46]. As MPOD
was our primary outcome measure, and our
primary interest was strictly in relation to
change in serum or retinal concentrations of
lutein, a smaller placebo (control) group
(n = 20) was employed and compared to 40
subjects in the LZ group.

Evaluation of Efficacy Endpoints

Statistical analyses were performed using R Sta-
tistical Software (Version 4.3.1, Auckland, New
Zealand) after all subjects had completed the
study and the database was locked. Demo-
graphic measurements were summarized
descriptively. Summary statistics was provided
for all collected parameters, including mean,
standard error (SE), median, minimum, and
maximum for the continuous variables. The
categorical variables were presented with fre-
quency and percentages.

Primary endpoint evaluation: Mean change in
MPOD was evaluated from baseline to each
follow-up visit (day 42 £ 3 days and
90 £ 3days) and end of the study visit
(day 180 + 3 days).

Secondary endpoint evaluation: Mean change
in CFF, cognitive performance by CH online
assessments, CSHQ-A, and VAS was evaluated
from Dbaseline to each follow-up visit
(day 42 + 3 days and 90 + 3 days) and end of
the study visit (day 180 + 3 days). Mean chan-
ges in serum lutein, zeaxanthin, and BDNF
levels were analyzed from baseline to visit 4
(90 + 3days) and end of the study visit
(day 180 + 3 days).

Statistical analyses were conducted using
mixed model for repeated measures (MMRM)
with change as the dependent variable, treat-
ment, visit, and treatment by visit interaction as
the fixed effects, and baseline score as a covari-
ate. Baseline P values were based on two-sample
t test, and within-group analysis was conducted
using paired ttest. Non-parametric tests such
Wilcoxon signed rank and Wilcoxon rank sum
tests were used for between-group and within-
group comparisons.

Safety Analysis

Safety analyses were performed using hematol-
ogy, biochemistry, the incidence of adverse
events, physical examination, and vital sign
measurements for all the randomized subjects
who received at least one dose of the study
supplement. Descriptive statistics [# (number of
subjects), mean, standard deviation, median,
minimum, and maximum] for continuous
safety variables and frequency and percentage
for categorical safety variables such as adverse
events were summarized by treatment.

RESULTS

A total of 60 subjects were screened and enrol-
led into the study. All 60 subjects completed the
study as per protocol and were included in the
efficacy and safety analysis (Fig. 1).

The demographic information of the study
subjects is presented in Table 1. Mean (£ SD)
age of participants was 10.30 + 2.03 years in the
placebo group and 9.73 £ 2.18 years in the LZ
group. Gender distribution was 9 boys and 11
girls in the placebo group and 22 boys and 18
girls in the LZ group. Mean (& SD) BMI was
16.80 + 0.87 kg/m? for the placebo group and
16.75 + 1.18 kg/m? for the LZ group.

Efficacy

Efficacy analyses were performed on the data
from all 60 subjects. The mean change (& SE)
values were used to compare LZ against placebo.

Primary Efficacy Analyses

Macular Pigment Optical Density

MPOD mean (+ SE) change is summarized in
Fig. 2. A significant increase (p < 0.05) was
observed in MPOD for the LZ group (approx.
25% increase) compared to placebo from base-
line to day42 (0.02+0.01 for LZ s
0.00 £+ 0.00 for placebo), day 90 (0.06 + 0.01
for LZ vs. — 0.04 £ 0.01 for placebo), and
day 180 (0.13 & 0.01 for LZ vs. — 0.06 + 0.01
for placebo).
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[ Number of subjects screened (N=60) J

Screen Failures
(N=0)

[ Number of subjects randomized (N=60) }

Placebo Lz
(N=20) (N=40)

[ Number of withdrawals (N=0) }

[ Number of withdrawals (N=0) ]

[ Number of subjects completed

Number of subjects completed
Placebo (N=20) LZ (N=40)

Fig. 1 Consolidated Standards of Reporting Trials
(CONSORT) diagram

Table 1 Demographics of the study participants at
baseline

Parameters Placebo LZ

N 20 40

Age (years), mean £+ SD 10.30 £+ 2.03 9.73 £ 2.18
Male, 7 (%) 9 (45) 22 (55)
Female, 7 (%) 11 (55) 18 (45)

BMI (kg/m?),
mean &+ SD

16.80 + 0.87 16.75 £ 1.18

Percentages are based on the number of subjects in the
specified treatment

N number of subjects in the specified treatment, 7 number
of subjects in the specified category, SD standard deviation

Secondary Efficacy Analyses

Visual Processing Speed Measured by Critical
Flicker Fusion

The LZ group showed significant (albeit modest,
approx. 7%) increase in processing speed as
measured by CFF at day 180 (1.59 £ 0.35 for LZ
vs. 0.22 + 0.27 for placebo) as compared to
placebo (Fig. 3a).

02r Day 42 Day 90 Day 180
£
% 015t *
3 I
£
£ o1rp
o *
g I
S o005 *
[=3
s I
& 0
&
=
S
: L]
T 005 |
=

01L

[l Placebo z *p<0.05 LZ over placebo

Fig. 2 Summary of mean change in macular pigment
optical density (MPOD) from baseline

Cognitive Performance: Creyos Health
Assessments

Feature Match test: The LZ group showed sig-
nificant increases (p < 0.05) in attention mea-
sured by Feature Match test at day 180
(30.40 £ 7.49 for LZ vs. 3.30 + 7.90 for placebo)
and an increasing trend (p = 0.0623) at day 90
(12.75 £ 5.02 for LZ vs. — 0.60 £+ 6.81 for pla-
cebo) as compared to placebo (Fig. 3b).

Double Trouble test: The LZ group showed
significant increases (p < 0.05) in focus/con-
centration measured by Double Trouble test at
days 90 (24.23 £ 1.72 for LZ vs. 11.95 £ 1.71
for placebo) and 180 (26.26 £+ 1.94 for LZ vs.
14.20 £+ 1.39 for placebo) as compared to pla-
cebo (Fig. 3¢).

Paired Associates test: The LZ group showed
significant increases (p < 0.05) in episodic
memory and learning measured by Paired
Associates test at days 90 (0.62 + 0.18 for LZ vs.
0.06 £+ 0.23 for placebo) and 180 (0.89 £+ 0.22
for LZ vs. 0.05 £ 0.14 for placebo) as compared
to placebo (Fig. 3d).

Monkey Ladder test: The LZ group showed
significant increases (p < 0.05) in visuospatial
working memory measured by Monkey Ladder
test at days 90 (0.51 &+ 0.20 for LZ group vs.
—0.31 £0.19 for placebo) and 180
(0.72 £ 0.22 for LZ vs. — 0.16 £ 0.27 for pla-
cebo) as compared to placebo (Fig. 3e).

Polygons test: The LZ group showed signifi-
cant increases (p < 0.05) in visuospatial pro-
cessing measured by Polygons test at day 180
(15.97 £ 4.47 for LZ vs. 0.15 + 4.49 for placebo)
as compared to placebo (Fig. 3f).
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Fig. 3 Summary of mean change from baseline. a Critical
flicker fusion (CFF) scores; b Creyos Health attention—
Feature Match test scores; ¢ Creyos Health focus/concen-
tration—Double Trouble test score; d episodic memory

Visual Analogue Scales (VAS)

Eye strain: The LZ group showed significant
decreases (p < 0.05) in eye strain measured by
VAS at days90 (— 0.75 £ 0.19 for LZ vs. —
0.20 £ 0.25 for placebo) and 180 (— 1.23 + 0.20
for LZ vs. — 0.25 £+ 0.29 for placebo) as com-
pared to placebo (Fig. 4a).
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ospatial processing speed—Polygons test scores

Eye fatigue: The LZ group showed significant
decreases (p < 0.05) in eye fatigue measured by
VAS at days90 (- 0.65 £ 0.16 for LZ vs. —
0.15 £ 0.33 for placebo) and 180
(— 1.45£0.18 for LZ vs. — 0.30 + 0.36 for
placebo) as compared to placebo (Fig. 4b).
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scales (VAS)—eye strain, b VAS—eye fatigue, ¢ Children’s
Sleep Habits Questionnaire-Abbreviated (CSHQ-A)

Children’s Sleep Habits Questionnaire-
Abbreviated (CSHQ-A):

The LZ group did not show any significant dif-
ference in sleep at any visit as compared to
placebo (Fig. 4c¢).

Serum Lutein Concentration

The LZ group showed significant increases
(p <0.05) in serum lutein levels at days 90
(394.4 + 41.80 ng/mL for LZ VS.
80.96 + 44.08 ng/mL for placebo) and 180
(1149 £+ 74.55 ng/mL for LZ VS.
198.6 + 34.40 ng/mL for placebo) as compared
to placebo (Fig. 4d).

Serum Zeaxanthin Concentration

The LZ group showed significant increases
(p < 0.05) in serum zeaxanthin levels at day 180
(82.12 +£ 12.37 ng/mL for Lz VS.
18.11 £+ 9.74 ng/mL for placebo) as compared
to placebo (Fig. 4e).

Serum BDNF Concentration

Although the placebo group had significantly
higher levels of serum BDNF vs. the LZ group at
baseline, by day 180, BDNF levels were signifi-
cantly  increased (p<0.05) with LZ

scores, d serum lutein level (in ng/ ml), e serum zeaxanthin

level (ng/ml), and f serum BDNF level (g/ml)

supplementation (31.03 + 3.47 ng/mL for LZ
vs. 13.61 + 5.88 ng/mL for placebo). There were
no differences in BDNF levels at day 90 (Fig. 4f).

Contrast Sensitivity Measured Using

Chart 2020®

No significant differences were observed
between the groups on contrast sensitivity
measures at any visits (data not shown).

Safety

During the study, a total of eight adverse events
were reported by 6 (10%) subjects, five adverse
events were reported by 4 (10%) subjects from
the LZ group, and three adverse events were
reported by 2 (10%) subjects from the placebo
group. Subjects in the LZ group reported adverse
events of fever (n = 3), viral fever (n = 1), and
toothache (n =1) and subjects in the placebo
group reported adverse events of fever (n = 2)
and viral fever (n =1). All the adverse events
reported by the subjects were mild in severity,
and the causality of the adverse events was
diagnosed by the study investigator as not
related to the investigational product. The
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outcomes of all the adverse events were noted as
resolved before the end of the study.

None of the subjects reported any serious
adverse events or were withdrawn from the
study because of an adverse event or a serious
adverse event. No clinically significant changes
in the vital signs and laboratory parameters
were found throughout the study duration in
any of the groups.

DISCUSSION

A general evaluation of the dietary habits of
younger children led to an unfortunate but
inescapable conclusion: they are often poorly
nourished. This is certainly true of children in
the USA [47] but it is also the case worldwide
(e.g., in Indian samples) [48]. Johnson [49]
showed that American adults had a relatively
low dietary intake of L and Z, about 1-2 mg/day
but children had about half those levels. In this
study, we supplemented a sample of Indian
children with 12mg L and Z/day in gummy
form for 6 months. This supplementation
resulted in an increase in serum L and Z in the
treated group over the test period by a factor of
over 12 (from a mean baseline of 96.9 to
1246 ng/mL). MPOD increased by about 25% in
the LZ group and showed significant increases
over 6 weeks and 3 and 6 months, whereas
MPOD levels were slightly lower than their
baseline levels for the placebo at these visits
which could be attributed to the lower intake of
these carotenoids from the diet. Further, these
changes were accompanied by a significant
increase in BDNF, a key molecule for promoting
plasticity specific to neural processing speed,
learning, and memory (Stringham et al. [12]
found a similar effect on this neurotrophic fac-
tor when supplementing young adults with L
and Z). All of these increases were not seen in
the placebos.

The treated group also improved on a num-
ber of secondary endpoints such as improve-
ment in visual processing speed (CFF) and in
cognitive categories such as attention and
visuospatial processing speed at day 180. We
also observed significant improvement in other
cognitive parameters such as focus and

concentration, episodic memory and learning,
and visuospatial working memory associated
with reduction in eye strain and eye fatigue on
days 90 and 180 post-supplementation.

Although the exact mechanisms of lutein’s
neuroprotective and promoting effects are not
fully known, ex vivo data suggest the pigments
modulate functional properties of synaptic
membranes [50], influence brain morphology
and enhance neural response [51], and improve
blood flow in the brain [37]. Carotenoids are
believed to influence the differentiation of
pluripotent neural stem cells [52] and the pro-
duction of connexin proteins promoting inter-
cellular communication [53, 54].

BDNF is a neuroprotective factor that sup-
ports development of new neurons and their
differentiation, maturation, and survival in the
nervous system [55]. Pro-inflammatory cytoki-
nes such as interleukin-6 and tumor necrosis
factor attenuate neuroplasticity via reduction of
BDNF and negatively affect brain function [56].
It is believed that macular carotenoids act as
anti-inflammatory agents and protect synaptic
vesicle protein which further helps to induce
expression of BDNF levels [57]. Although the
BDNF level of the placebo group was higher
than the treatment group at baseline, the BDNF
levels of the treated group were 24% higher
than the controls by the end of the study. An
earlier study involving L and Z supplementation
in adults also increased levels of serum BDNF
levels. The mechanisms behind this change in
BDNF as a result of L and Z are yet to be fully
understood.

Photooxidation is a light-induced chemical
reaction responsible for vision also produces
free radicals and reactive oxygen species in the
eyes and they in turn damage ocular tissues
[58, 59]. Children’s retinas are at high risk from
short-wavelength blue light with a peak
absorption at 460 nm as a result of the lack of
crystallin oxidation that absorbs UV light
otherwise reaching the retina [60, 61]. L and Z
screen foveal cones from short-wave light and
exhibit antioxidant properties that can quench
singlet oxygen and free radicals [62]. Therefore,
higher macular density reduces ocular tissue
damage. Excessive blue light exposure resulting
from extended exposure to digital devices and
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LED screens also causes eye strain and fatigue
[63]. Our results showed a significant effect on
eye strain and fatigue in children taking L and Z
compared to placebo. This is consistent with a
previous study of L and Z isomer supplementa-
tion on visual function, performance, and sleep
quality in individuals using computer devices
[40].

L and Z are safe to consume and they are part
of normal foods and beverages. There were no
adverse events observed due to the investiga-
tional product in any of the children partici-
pating in this study throughout its entire
duration. Hence, L and Z are safe to be con-
sumed by children as well.

The fact that the researchers did not quantify
the amount of lutein and zeaxanthin that the
participants consumed through their diet was a
limitation of the study. On the other hand,
both the participants and their parents were
instructed to maintain their regular diet with-
out making any adjustments and to accurately
recollect their diet for a period of 3 days before
every visit.

CONCLUSIONS

The levels of L and Z in retina and brain during
the early stage of life play an important devel-
opmental role in visual and cognitive health.
Humans likely evolved mechanisms for accu-
mulating L and Z in order to protect and pro-
mote optimal nervous system development.
Protection, historically, likely involved reduc-
ing actinic (exposure to ultraviolet rays from
sunlight and UV lamps), oxidative, and
inflammatory stress. One novel finding of the
present study is that L and Z might also atten-
uate some modern stressors such as digital eye
strain in children. An American Optometric
Association survey reported that 83% of chil-
dren between the ages of 10 and 17 use elec-
tronic devices for at least 3 h each day [64]. Our
study also demonstrated the high bioavailabil-
ity of L and Z when administered in the kid-
friendly form of gummies. The sequalae of
positive visual and cognitive effects combined
with the ease of this intervention suggests that
this type of supplementation might be an

additional tool that might help optimize CNS
development, especially in typically
undernourished children. It also emphasizes the
importance of optimal nutrition in the devel-
oping eye and brain.
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