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ARTICLE INFO ABSTRACT

Article history: Objective: Little attention has been paid to the possible protective role of w-3 polyunsaturated fatty

Received 3 March 2014 acids (PUFAs) on the visual acuity of school-age children with lower IQs or attention-deficit

Accepted 17 December 2014 hyperactivity disorder (ADHD). The aim of this study was to evaluate the effect of dietary w-3
PUFAs on the visual acuity and red blood cell (RBC) fatty acid compositions of these children.

Keywords: Methods: We randomly assigned 179 children with lower IQs or ADHD to receive ordinary eggs

w-3 polyunsaturated fatty acids

School-age children (control group, n = 90) or eggs rich in C18:3 w-3, eicosapentaenoic acid (EPA, 20:5 w-3) and do-

Visual acuity cosahexaenoic acid (DHA, 22:6 w-3) for 3 mo (study group, n = 89). Before and after the inter-
Dietary supplementation vention, distance visual acuity was tested using an E chart and the RBC fatty acid composition was
Lower 1Q determined using capillary gas chromatography.

Attention-deficit hyperactivity disorder Results: Three months later, 171 children completed the follow-up with the exception of 8 children
who were unavailable during follow-up. Both groups of children showed a significant improve-
ment in visual acuity (P < 0.05), however, visual acuity in the study group was significantly better
than that of the control group (P = 0.013). The C18:3 w-3 (P = 0.009), DHA (P = 0.009) and } w-3
(P = 0.022) levels of the intervention group were significantly higher than those of the control
group, while the C20:4 w-6 (P = 0.003), C22:4 w-6 (P = 0.000), > w-6 (P = 0.001), > w-6/>"w-3
(P =0.000) and arachidonic acid/DHA (P = 0.000) of the study group were significantly lower than
those of the control group. No significant differences in the levels of C18:2 w-6 (P = 0.723), C20:2
w-6 (P = 0.249), C20:3 w-6 (P = 0.258), C20:5 w-3 (P = 0.051), or C22:5 (P = 0.200) were found
between the two groups.

Conclusions: Dietary supplementation with w-3 PUFAs improves both visual acuity and the RBC
fatty acid profile in school-age children with lower IQs or ADHD.
© 2015 Elsevier Inc. All rights reserved.

Introduction

The ®w-3 polyunsaturated fatty acids (PUFAs), especially
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
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more minor structural role but is essential for normal brain
function, was found in trace amounts in the brain and the ma-
jority of other tissues [6]. Moreover, w-3 PUFAs and their de-
rivatives help to regulate blood flow, neurotransmitter uptake,
synaptic transmission, apoptosis, gene expression, ion channels,
and immune functions during their biological processes [7].
However, the importance of dietary w-3 PUFAs in contributing to
human vision development remains poorly understood, which is
partly related to the complexity of fatty acid metabolism and the
incomplete knowledge of the pathways of transfer and fatty acid
uptake in the retina.

Many authors have reported that approximately 10% to 20% of
school-age children in developing countries have various vision
problems [8-12]. Vision problems adversely affect children’s
learning through both direct and indirect mechanisms, including
compromising sensory perception, hampering cognition, and
negatively affecting socioemotional development and connect-
edness to school [13]. As children progress in school, their vision
may deteriorate due to increasing class work and homework. They
may become nearsighted, farsighted, or they may develop astig-
matism, which may significantly affect visual acuity. The study
and development of a feasible and efficient vision intervention is
of great importance to promote children’s visual acuity.

During the past decades, a growing body of research has
revealed that w-3 PUFAs are closely related to the visual function
development in infants [4,14-18]. However, reports on the
studies of w-3 PUFAs and the visual acuity of school-age children
are scarce. In the past several years, our research group studied
the effects of w-3 PUFAs on lipid metabolism and function

improvement in children with lower IQs or attention-deficit
hyperactivity disorder (ADHD). Because w-3 PUFAs were highly
concentrated in both the retina and brain, when we studied the
effects of w-3 PUFAs on children with ADHD or lower IQs, we also
wanted to know whether w-3 PUFAs plays any role in improving
the visual acuity of school-age children in these clinical groups.
Moreover, it is of interest to explore the roles of w-3 PUFAs in the
visual acuity of children, which is closely related to the integrity
of the retina. Therefore, before and after supplementation with
w-3 PUFAs, we tested the visual acuity of the school-age children
with lower IQs or ADHD, and found that w-3 PUFAs seemed to
play a valuable role in improving the visual function of such
children. We then conducted a detailed analysis of visual acuity
to examine the effects of w-3 PUFAs on visual acuity in children
with lower IQs or ADHD. We also analyzed the fatty acid
composition of red blood cell (RBC) membranes to evaluate any
improvement in the fatty acid profiles of these children. The
findings should provide valuable information about the use of
natural dietary w-3 PUFAs to improve the visual acuity and fatty
acid profiles of this age group. To avoid the side effects of drugs
or chemically synthesized PUFAs tablets [19], a healthy and
natural w-3 PUFA dietary supplement was used in this study.

Participants and methods
Study participants

The study population included 179 children ages 7 to 12 y, of whom 88 had
lower 1Qs (<90) and 91 had ADHD. The children were screened from 1556
students in two township primary schools of Zhejiang Province, China. All the
students were tested to obtain their IQ scores and to diagnose ADHD (Fig. 1).

Assessed for eligibility: 1556 children ages 7—12
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Fig. 1. Participant and group characteristics. We screened 1556 school-age children; 88 lower IQ children and 91 ADHD children were enrolled; however, due to loss to
follow-up, only 171 children finished the trial. ADHD, attention-deficit hyperactivity disorder; PIFA, polyunsaturated fatty acid.
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Residents of the two townships, a relatively isolated area, have simple lives with
similar diet habits. The IQ test was performed using the Combined Raven’s Test
[20], revised by Chinese psychologists according to the Standard Progressive
Matrices and Colored Progressive Matrices of Raven’s Progressive Matrices [21].
ADHD was diagnosed according to Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition [22]. For the diagnosis of ADHD, the Chinese version of the
Conners’ Parent and Teacher Rating Scales-revised: Short forms (CPRS-R:S and
CTRS-R:S, respectively) were used [23]. These rating scales about learning,
attention, and behavior were completed by the teachers and either parent(s) or
guardians.

The study was explained to the children and their parent(s) or guardians.
Written informed consent was obtained. We recruited children ages 7 to 12 y
who were free of diagnosed major eye diseases (congenital, traumatic or acute
infective eye diseases). We excluded children who were taking any form of w-3
PUFAs supplements at the time of recruitment, or who consumed w-3 PUFAs
supplements in the previous 3 mo. All of the enrolled children were diagnosed
with ADHD for the first time in our study; therefore, none were taking any other
medications for ADHD or had consumed any medications for ADHD. During the
3 mo, the use of drugs containing PUFAs or other medications for ADHD was
forbidden. Baseline assessments, including age, sex composition, height, and
weight were obtained from all of the recruited children.

Design

This study was conducted according to the guidelines of the Declaration of
Helsinki and all of the procedures were approved by the Ethics Committee of
Children’s Hospital, Fudan University, Shanghai, China (approval no:[2010] No.
50). The 179 children were assigned to either the study or the control group by
the random number table method, based on the controlled and double-blind
principle. The ADHD and lower IQ children screened from each town were
assigned to the study group or control group, respectively; therefore, the number
of children with ADHD and lower IQs in each group, and the number of children
from each town included in each group were nearly equal in amount. The study
group included 89 children: 45 with lower IQs and 44 with ADHD. There were 90
children in the control group: 43 with lower IQs and 47 with ADHD. Before group
assignment, venous blood was collected for the detection of PUFAs.

For 3 mo, each child in the study group was given one w-3 PUFA-rich egg (egg
1, rich in EPA, DHA, and C18:3 w-3) daily; each child in the control group was fed
with an ordinary egg (egg 2) every day. The two types of eggs appeared similar.
After completing the 3-mo intervention, venous blood of the children was
extracted for fatty acid composition analysis. Distance visual acuity was tested
before and after the intervention in the same children. All personnel joining the
study were trained by the same trainer and the same instructions and study
protocols were used throughout the experiment. With the exception of the eggs,
no changes were made to the children’s daily food intake. The eggs were all
provided by Shanghai Zhanwang Corp of China. Table 1 presents the main w-3
PUFAs components of the two types of eggs, obtained using capillary gas
chromatography.

Sample collection and measurement

Fatty acid analysis

Fasting blood samples were obtained before and after the intervention. We
extracted 2 mL venous blood and it was centrifuged at 3000g for 10 min. The
RBCs were immediately separated for —70°C cryopreservation until analysis. The
determination process included the following steps: 100 pL of RBCs were
centrifuged to separate the red cell membrane, and the upper liquid was
collected by n-hexane and 14% derivative of boron trifluoride-methanol solution.
The supernatant was then dried with nitrogen and dissolved with 40 pL of n-
hexane. Capillary gas chromatography was used to examine the RBC fatty acid
composition. The results are expressed in concentrations (g/100 g total fatty
acid).

Visual acuity test

The E chart [24], a chart with the letter “E” in different directions (up, down,
right, and left) and sizes, was placed in a transparent light box (the background
luminance of the screen was 350 cd/m?, and the luminance of the letter E was

Table 1
The Main w-3 PUFA Content of the Two Types of Eggs (mg/100 g)
DHA EPA C18:3 w-3 S w-3* S w-6/3"w-3
Egg 1 321.0 424 584.0 947.4 0.9
Egg 2 36.0 0 19.1 55.1 15.6

DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PUFA, polyunsaturated
fatty acid
* - w-3 = DHA + EPA + 18:3 w-3.

20 cd/m?). The participants sat 5 m away from the light box, with their right eyes
tested first, followed by the left. When one eye was being examined, the other eye
was fully covered by a spoon. Participants were supposed to point out the di-
rections of the letter E from the top row to the bottom row (letter E became smaller
and smaller) until they identified the smallest letter E, and then the monocular
visual acuity was recorded according to the given scores of every row. The test was
conducted by local trained health workers or members of our study team. All test
results were converted to the minimum angle of resolution logarithmic.

Statistical analyses

All statistical tests were two-tailed, and the level of significance was set at
o= 0.05. SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) was used for data analysis.
The Shapiro-Wilk test was used to test the normal distribution of continuous
date. Data of normal distributions were expressed as the mean + SD and tested
by independent sample t tests, while data of skewed distributions were tested by
the Mann-Whitney test or the Wilcoxon signed-ranks test and expressed as the
mean + SD and the range. The Mann-Whitney test was applied for characteristics
such as age and IQ; the xz test was administered to test the sex composition and
independent sample ¢ tests were used to test the weight and height between the
two groups. The Wilcoxon signed-ranks test was used to test the changes of vi-
sual acuity within the two groups before and after the intervention. The Mann-
Whitney test was used to test the visual acuity across the two groups before
and after the intervention. The Mann-Whitney test or independent sample t tests
were used to test the fatty acid outcome measures across the two groups before
and after the intervention.

Results
Baseline characteristics

Figure 1 presents the participant and group characteristics.
Among the 179 recruited children, 171 completed the 3-mo
assessment, including 97 boys and 74 girls. Eight children were
lost to follow-up following randomization, with five from the
study group (two with lower IQs and three with ADHD) and
three (one with a lower IQ and two with ADHD) from the control
group.

At the beginning, blood samples were collected from all 179
children. Owing to budgetary constraints, only 99 blood samples
were randomly selected to test (59 from the study group and 40
from the control group); 3 mo later, because eight children were
lost to follow-up and three of the blood samples lacked the
volume needed for testing, only 88 blood samples (48 from the
study group and 40 from the control group) were tested. In all,
171 children were assessed for distance visual acuity, with 84
from the study group and 87 from the control group; and the
fatty acid compositions of 88 blood samples were analyzed
before and after the intervention.

The average age of these children was 9.57 + 1.30 y. No sig-
nificant differences in age (P = 0.920), sex composition
(P = 0.260), IQ (P = 0.963), height (P = 0.957), or weight
(P =0.376) were found between the study group (n = 84; 43 with
lower IQs and 41 with ADHD) and the control group (n = 87; 42
with lower IQs and 45 with ADHD) (Table 2).

Table 2
Basic characteristics of the two groups
Study group Control group P-value*
(n = 84) (n =87)
Age (mean =+ SD)' 9.58 + 1.20 9.56 + 1.39 0.920
Sex composition (M/F)* 4440 53/34 0.260
Height (cm)" 14237 + 8.75 14248 +10.78  0.957
Weight (kg)" 36.91 + 11.71 35 + 8.52 0.376
IQ 96.89 + 15.62 96.59 + 18.01 0.963

« Significant differences were not found.

f Values were analyzed by the Mann-Whitney test.

f Values were analyzed by the 72 test.

% Values were analyzed by the independent samples t test.
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Participant compliance

No difficulties or side effects were reported with the dietary
supplementation.

The participants’ lifestyles were unchanged throughout the
study. All of the eggs were boiled and served without condi-
ments. On weekdays, the teachers boiled and distributed the
eggs and then monitored the students as they ate them; on
weekends or holidays, the parent(s) or guardians took the eggs
home, boiled them, and monitored the children as they ate the
eggs. After the intervention, the C18:3 w-3, DHA, and Y w-3
levels in the study group were significantly higher than those of
the control group. Furthermore, the count of consumed eggs
showed good compliance, and the percentage of adherence to
treatment in our study was 100%.

PUFA levels

No significant differences in the levels of w-3 and w-6 PUFAs
were found between the two groups before the intervention
(P> 0.05). After the intervention, the C18:3 w-3 (P = 0.009), DHA
(P = 0.009), and Y w-3 (P = 0.022) levels in the intervention
group were significantly higher than those of the control group,
whereas the C20:4 w-6 (P = 0.003), C22:4 w-6 (P = 0.000), >~ w-6
(P=0.001), > w-6/>"w-3 (P = 0.000), and arachidonic acid (AA)/
DHA (P = 0.000) levels in the study group were significantly
lower than those of the control group. No significant differences
in the levels of C18:2 w-6 (P = 0.723), C20:2 w-6 (P = 0.249),
C20:3 w-6 (P = 0.258), C20:5 w-3 (P = 0.051), or C22:5
(P = 0.200) were found between the two groups (Table 3).

Visual acuity

No significant differences were found in visual acuity be-
tween the two groups before the intervention (P = 0.520). After
the intervention, the mean 4 SD of visual acuity in the study
group changed from 0.042 + 0.254 to —0.011 + 0.232, and the
improvement was significant (P = 0.000). In the control group,
the mean + SD of visual acuity changed from 0.058 + 0.245 to
0.041 + 0.232, and the improvement was also significant
(P = 0.038; Table 4). However, the comparison between the two
groups shows that the monocular visual acuity in the study
group was significantly better than in the control group
(P =0.013).

Table 3

Discussion

In this study, the w-3 PUFA-rich eggs were laid by hens that
were fed castor beans; thus they were a natural source of w-3
PUFAs containing pure fatty acids instead of a chemically
modified supplement. The eggs, with little or no side effects,
were readily accepted by the children’s parent(s) or guardians,
who were critical to compliance throughout the trial process.

After the intervention, the study group showed significantly
higher levels of C18:3 w-3, DHA, and > w-3, and significantly
lower levels of > w-6, > w-6/>"w-3, and AA/DHA compared with
those of the control group. The results implied that the eggs rich
in w-3 PUFAs not only improve children’s RBC w-3 PUFA profiles
but also improve the total w-6 PUFAs levels. The high concen-
tration of DHA in the membranes of retinal photoreceptors and
the significantly higher levels of DHA in the study group could
account for the better improvement in visual acuity in the study
group. The value of > w-6/> w-3 significantly affects the ratio
and rate of production of eicosanoids, a group of hormones
intimately involved in the body’s inflammatory and homeostatic
processes. The shifts of this ratio can change the body’s meta-
bolic and inflammatory state, and a lower ratio of > w-6/>"w-3
decreases inflammation [25,26]. Thus, diet supplementation
with natural w-3 PUFAs can provide children with additional
health benefits. Although a significant difference in the levels of
EPA was not observed between the two groups, the EPA level of
the study group was higher than that of the control group
(0.62 4 0.33 versus 0.49 + 0.29, respectively; P = 0.051). If the
sample size was larger, the difference between the groups might
have been significant. The observed differences of the w-3 and
w-6 PUFA levels between the two groups after the intervention
can be attributed to the different consumption of C18:3 w-3, EPA,
and DHA. It appears that, compared with ordinary eggs, eggs rich
in w-3 PUFAs could better improve the PUFA composition of
school-age children.

Possibly because the two types of eggs both contained a
certain amount of DHA and C18:3 w-3, children in both groups
had significant improvements in visual acuity after the inter-
vention. However, the improvement of visual acuity in the study
group was significantly better than in the control group, which
could be attributed to the different doses of w-3 PUFAs consumed
during the 3 mo. In addition to being highly concentrated in
retinal photoreceptor cells, DHA is also abundant in the visual
cortex and other cortical areas [6,15,27]. It has been reported that

Comparison of the RBC w-3 and w-66 PUFA Profiles in the Two Groups Before and After the Intervention* (g/100 g of total fatty acids)

Before intervention

After intervention

Study group (n = 59) Control group (n = 40) P-value  Study group (n = 48) Control group (n = 40) P-value
C18:2 w-6 10.78 + 2.10 10.21 + 2.94 0.273 10.96 + 2.59 11.17 + 2.84 0.723
C18:3 w-3 0.12 £ 0.04 0.12 + 0.05 0.702 0.15 + 0.04 0.13 £ 0.05 0.009
C20:2 w-6 0.31 +£0.10 0.28 +£0.12 0.300 0.42 + 0.27 (0.04-1.48) 0.35 + 0.17 (0.11-1.06) 0.249
C20:3 w-6 1.78 & 1.05 (0.74-5.88) 1.51 & 0.52 (0.64-3.63) 0.333 1.87 £ 0.96 (0.73-6.87) 1.75 £ 0.68 (1.08-4.78) 0.258
AA (C20:4 w-6) 17.77 + 4.50 (10.97-32.16) 19.24 + 7.51 (9.34-39.98) 0.840 21.81 + 7.89 (9.23-43.15) 25.62 + 8.07 (14.77-48.09) 0.003
EPA (C20:5 v-3) 0.46 + 0.21 0.49 + 0.27 0.535 0.62 +0.33 0.49 + 0.29 0.051
C22:4 w-6 3.17 £ 0.86 3.10 £ 1.23 0.749 3.18 £ 091 4.08 +1.17 0.000
C22:5 w-3 1.87 + 0.45 1.98 + 0.74 0.401 2.18 + 0.70 (0.88-4.52) 2.30 + 0.64 (1.22-3.81) 0.200
DHA (C22:6 v-3) 6.30 + 1.97 6.70 + 3.10 0.471 10.25 + 3.10 (4.55-19.55) 8.97 + 3.45 (3.87-16.98) 0.009
S w-6 37.73 £ 6.41 34.34 + 1141 0.095 35.99 + 13.51 (24.70-65.74)  42.97 + 11.35(31.09-77.05)  0.001
S w-3 8.75 £ 2.51 9.29 +3.99 0.452 13.21 + 4.04 (5.80-26.02) 11.89 + 4.25 (5.78-21.43) 0.022
S -6/ w-3 458 +1.27 4,06 + 1.40 0.057 2.95 +0.42 3.81 +0.86 0.000
AA/DHA 2.97 +0.86 323 £ 147 0.318 2.13 £ 0.40 3.02 £0.82 0.000

AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid

* Data of normal distribution were tested by independent samples ¢ test and expressed as the mean + SD, whereas data with skewed distributions were tested by the

Mann-Whitney test and expressed as the mean & SD and range.

T S w-6/3w-3 = C18:3 w-3 + EPA + C22:5 w-3 + DHA/C18:2 -6 + C20:2 w-6 + C20:3 w-6 + AA + C22:4 vw-6.
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Table 4
Visual Acuity of Study and Control Groups Before and After Intervention (LogMAR, mean + SD* and range)
Study group (n = 168)’ Control group (n = 174)" P-value'
Before intervention 0.042 + 0.254 (-0.30 to 0.90) 0.058 + 0.245 (-0.30 to 0.90) 0.520
After intervention —0.011 + 0.232 (-0.30 to 1.00) 0.041 + 0.232 (-0.30 to 0.60) 0.013

P-value’ 0.000

0.038

LogMAR, minimum angle of resolution logarithmic

* Because some visual acuity data is negative and the SD is always positive, the SDs were greater than the means.
 Because monocular visual acuity was analyzed, these data are doubled: The number of tested monocular visual acuity = the number of tested children x 2; there are

actually 84 and 87 children in the study and control group, respectively.
i Values were analyzed by the Mann-Whitney test.
% Values were analyzed by the Wilcoxon signed-ranks test.

DHA is crucial for the regeneration of visual pigment rhodopsin,
which plays a critical role in the visual transduction system that
converts light hitting the retina to visual images in the brain [28].
Therefore, it is no wonder that the visual acuity of the children
could be significantly improved by eggs high in DHA. DHA is
mainly available from food (such as fish and algae oil), and can be
synthesized in the human body from dietary C18:3 w-3 with an
efficiency of only a few percent [29]. Children who are picky
eaters may have a diet lacking DHA, directly causing a deficiency
in DHA levels in vivo. Possibly because DHA was found to be
rapidly incorporated in the nervous tissue of the retina and the
brain during the brain’s growth spurt, which mainly takes place
from the last trimester of pregnancy up to 2 y of age [30-33], the
current reports about w-3 PUFA supplementation and visual
function are almost entirely focused on infants [4,14-18].
Nevertheless, visual acuity was found to be fully mature between
the ages of 5 and the mid teenage years, whereas in contrast,
sensitivity was found to be fully mature between the ages of 8
and 19 y. Thus, the basic aspects of visual function probably
mature later than previously thought [34], and a timely and
effective dietary intervention during this period is of great
importance.

Although investigations about ®w-3 PUFAs and the visual
acuity of school-age children are scarce, similar findings have
been reported in other age groups. One study found that a 90-
d supplementation with DHA can improve both the plasma
DHA levels and the right eye visual acuity of 74 healthy partici-
pants ages 45 to 77 y [35]. It has been reported that prenatal w-3
fatty acid intake had long-term positive effects on the visual
function in school-age children [36]. The intensive studies in
infancy and early childhood have demonstrated that w-3 PUFA
supplementation in pregnant and lactating women or DHA-
supplemented formulas could significantly improve the vision
development of children [18,37-40]. However, some in-
vestigators have proposed alternative perspectives [41,42]. The
huge variations between studies could be partly attributed to the
differences in methodologies, such as the dose and main com-
ponents of supplemented w-3 PUFAs, the study durations, and
the sample sizes. Many previous studies in other age groups and
the present work show evidence that w-3 PUFAs, especially DHA,
play critical roles in the development of children’s visual acuity.

To our knowledge, this is the first study to address the role of
w-3 PUFAs in the visual acuity of children 7 to 12 y old. The
compliance was excellent and was confirmed by the fatty acid
composition in the RBC membrane. The approach of using a
natural dietary supplement to improve children’s visual acuity
may be novel. By incorporating two different types of natural
eggs into the intervention strategy, we designed a trial
comparing two distinct dietary doses of w-3 PUFAs. Furthermore,
this study involved students from a broad range of ages (7-12 y)
in which different vision conditions may be present. Hence, our

findings could provide specific insights regarding the use of w-3
supplements to improve visual acuity of school-age children
without lower 1Qs or ADHD. Moreover, our results suggested that
ordinary eggs might not be sufficient for optimal development of
children visual acuity.

There are limitations to the present study. Much of the data in
our study did not meet the parametric test conditions, which
possibly led to a decrease in the testing power. Additionally, our
study did not analyze the dose-response relation between the
amount of DHA supplementation and the improvement of visual
acuity. In summary, our study leaves much to be desired. Further
research should pay more attention to the above short-comings
and the identification of the appropriate content of w-3 PUFAs in
eggs to promote children’s vision.

Conclusions

Dietary supplementation with ®-3 PUFA-rich eggs can
improve visual acuity and the RBC fatty acid profiles of school-
age children with lower IQs or ADHD. The DHA content of ordi-
nary eggs may not be sufficient for the development of visual
acuity in school-age children.
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