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The mediating role of sleep in 
the fish consumption – cognitive 
functioning relationship: a cohort 
study
Jianghong Liu   1, Ying Cui1, Linda Li2, Lezhou Wu1, Alexandra Hanlon1, Jennifer Pinto-
Martin1, Adrian Raine3 & Joseph R. Hibbeln4

Greater fish consumption is associated with improved cognition among children, but the mediating 
pathways have not been well delineated. Improved sleep could be a candidate mediator of the fish-
cognition relationship. This study assesses whether 1) more frequent fish consumption is associated 
with less sleep disturbances and higher IQ scores in schoolchildren, 2) such relationships are not 
accounted for by social and economic confounds, and 3) sleep quality mediates the fish-IQ relationship. 
In this cohort study of 541 Chinese schoolchildren, fish consumption and sleep quality were assessed at 
age 9–11 years, while IQ was assessed at age 12. Frequent fish consumption was related to both fewer 
sleep problems and higher IQ scores. A dose-response relationship indicated higher IQ scores in children 
who always (4.80 points) or sometimes (3.31 points) consumed fish, compared to those who rarely 
ate fish (all p < 0.05). Sleep quality partially mediated the relationship between fish consumption and 
verbal, but not performance, IQ. Findings were robust after controlling for multiple sociodemographic 
covariates. To our knowledge, this is the first study to indicate that frequent fish consumption may help 
reduce sleep problems (better sleep quality), which may in turn benefit long-term cognitive functioning 
in children.

The long-chain omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are essential 
nutrients primarily found in fish1 and have gained increasing attention for potential health benefits ranging 
from cardiovascular to mental health2,3. As omega-3 fatty acids are known to play critical roles in the growth and 
functioning of neural tissue1, their effects on cognitive outcomes are of particular interest. Maternal fish intake 
or fish oil supplementation during pregnancy, for instance, is associated with improved neurodevelopmental 
outcomes in infants and young children, including language and visual motor skills at 6 and 18 months4, eye 
and hand coordination at age 2.5 years5, and IQ at age 4 years6. Dietary fish and omega-3 fatty acid intake is also 
associated with improved cognitive and academic performance in adolescents7–9 and reduced cognitive decline 
and dementia in older age10–12.

While animal models have demonstrated the role of omega-3 fatty acids on cognitive processes on a more 
molecular level13,14, our knowledge regarding how they improve observed cognitive performance remains limited. 
One pathway that has yet to be explored is sleep. Sleep is well studied in its association with cognitive function 
in both children15–17 and adults18,19, with insufficient or poor quality sleep being associated with poor school 
performance and objective measures of learning and memory15,20. Sleep itself is also affected by omega-3 fatty 
acids via several mechanisms. Animal studies have suggested the potential role of DHA in regulating endogenous 
melatonin production21–23 which has been shown to regulate circadian rhythm and improve sleep organization24 
as well as CNS maturity in infants25,26. Additionally, essential fatty acids have been involved with the production 
of prostaglandins. Prostaglandins are believed to be the most potent endogenous sleep-promotion substance 
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and are well known to mediate sleep/wake regulation27 and responses of synaptic circuitry to sleep depriva-
tion28. Epidemiological studies have also demonstrated significant associations between increased fish intake and 
improved sleep measures in adults29,30 as well as infants25,26 and children31.

In light of the relationship between sleep and cognition, as well as the growing recognition that omega-3 fatty 
acids may lead to both improved sleep quality and cognitive outcomes, the possibility that sleep acts as a potential 
mediator between fish intake and improved cognition warrants further exploration and consideration. However, 
to our knowledge, no study has simultaneously examined how dietary fish and omega-3 fatty acid intake affects 
sleep and cognition. Furthermore, studies of dietary omega-3 fatty acid consumption in school-aged children 
examining cognition4,7–9 and sleep31 have primarily been limited to Western countries, with the latter relationship 
only reported by one study to date in healthy school-aged children31.

The present study aims to address these gaps and add to the current literature by examining dietary fish intake, 
sleep quality, and cognitive outcomes in a large sample of healthy, Chinese schoolchildren. The purpose of this 
study is thus to examine the following hypotheses: 1) frequent fish intake is linked to better sleep and long-term 
cognitive outcomes; 2) such relationships are robust to sociodemographic covariates; and 3) sleep mediates the 
fish intake and long-term cognitive outcome relationship.

Methods
Study population.  This longitudinal study consisted of a sample of 541 Chinese school children (54% boys 
and 46% girls) aged 12 years from the second wave of the China Jintan Cohort Study, an ongoing prospective 
longitudinal study. Details on sampling at baseline and research procedures have been published elsewhere32,33. Of 
1009 children who were followed up in the second wave (2011–2013), 541 participants who completed a self-re-
ported food frequency questionnaire, IQ measurement, and sleep quality evaluation were included in the present 
study. With the exception of father’s education and home location, there were no significant differences in social 
demographic features between children with and without complete data. Written informed consent was obtained 
from parents, and approval from Institutional Review Boards was obtained from the University of Pennsylvania 
and the ethical committee for research at Jintan Hospital in China. All research was performed in accordance with 
the relevant guidelines and regulations.

Measures.  Fish consumption at age 9–11.  A self-administrated food frequency questionnaire was used to 
collect information on diverse food intake, including fish consumption, when children were enrolled in 4th, 5th, 
and 6th grades. Fish intake frequency was measured by asking children the following question: “How often do 
you consume fish in a typical month? 1 = never, 2 = seldom (less than 2 times per month), 3 = sometimes (2–3 
times per months), 4 = often (at least once per week)”. After preliminary analysis, categories 1 and 2 were com-
bined due to very few “never” responses. Therefore, our analysis is based on three levels of fish consumption: 
“often”, “sometimes”, and “never or seldom”.

Sleep quality at age 9–11.  Sleep quality was measured by the total sleep disturbance score, derived from par-
ents’ report of sleep patterns in the Children’s Sleep Habits Questionnaire (CSHQ). The CSHQ consists of 33 
sleep-disturbance items, which are conceptually grouped into 8 subscales: bedtime resistance, sleep-onset delay, 
sleep duration, sleep anxiety, night waking, parasomnias, sleep-disordered breathing, and daytime sleepiness. 
Parents were asked to rate each item on a 3-point scale: “usually” if the sleep pattern occurred five to seven times/
week; “sometimes” two to four times/week; and “rarely” zero to one time/week in a typical week during the past 
month. A total sleep disturbance score was calculated as the sum of all eight subscale scores, with higher values 
indicating more sleep disturbance and poor sleep quality34. The Chinese version of the CSHQ has displayed sat-
isfactory psychometric properties in the assessment of sleep problems in Chinese children35 and has been widely 
used36–38. 

Cognition (IQ) at age 12.  IQ assessments were performed using the Chinese version of the Wechsler Intelligence 
Scale for Children-Revised (WISC-R). The WISC-R consists of six verbal subtests (Information, Comprehension, 
Arithmetic, Vocabulary, Similarities and Digit Span) that are summed to form Verbal IQ, and six non-verbal 
subtests (Picture Arrangement, Picture Completion, Object Assembly, Block Design, Coding and Mazes), that 
are summed to form Performance IQ. The Verbal and Performance IQs are combined to produce a Full-Scale 
IQ score. The Chinese version of WISC-R has long been standardized and shown to be reliable among Chinese 
children39. In the present study, all IQ tests were administered by two intensively-trained researchers to minimize 
possible investigator bias. Details of IQ test procedures have been reported elsewhere40,41.

Covariates.  Sociodemographic and other relevant information collected at baseline was used as covariates in the 
current study; they include gender, parental education, parental occupation, parental marriage status, maternal 
age at childbirth, feeding type during infancy (breastfed or bottle-fed), breastfeeding duration, home location 
(city, town, or countryside), and siblings (yes/no). Parental education was categorized into three groups: less than 
high school, high school, and college or higher. Parental occupation was collapsed into unemployment, working 
class, and professional class. In addition, since our previous research has shown breakfast intake as an important 
protective predictor for cognitive function, breakfast consumption was included in the analysis as a controlled 
confounder.

Statistical analysis.  Baseline characteristics of child participants and their families were summarized 
using descriptive statistics (mean/standard deviation, median/interquartile range, and frequencies/percentages, 
as appropriate). Comparisons across fish consumption groups were accomplished using chi-square statistics or 
Fishers Exact tests and one-way ANOVA models or nonparametric Kruskal-Wallis models for categorical and 
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continuous measures, respectively. Bivariate associations of IQ measures and total sleep disturbance scores with 
various baseline covariates were evaluated using general linear modeling (GLM). Robust variance estimation was 
used in all GLM analyses to account for possible correlations within geographic region (preschools and primary 
schools). GLM analyses were also applied to assess the associations of IQ measures with fish consumption fre-
quency and total sleep disturbance score. Multivariable GLM analysis adjusted for possible confounders such as 
gender, father’s education, mother’s education, siblings, home location, and breakfast consumption habits. Finally, 
a 4-step mediation analysis was conducted to evaluate if total sleep disturbance mediates the association between 
fish consumption habit and IQ measures42. All analyses were performed using SAS 9.243; two-sided p values less 
than 0.05 were considered statistically significant.

Total (n = 541)*

Fish consumption

p-value
Never or seldom 
(n = 89)

Sometimes 
(n = 315) Often (n = 137)

Gender (Male) 279 (51.6) 46 (51.7) 158 (50.2) 75 (54.7) 0.669

Father’s education 0.084

 Less than high school 180 (34.6) 37 (44.1) 109 (35.7) 34 (25.8)

 High school 179 (34.4) 26 (31.0) 102 (33.4) 51 (38.6)

 College or higher 162 (31.1) 21 (25.0) 94 (30.8) 47 (35.6)

Mother’s education 0.262

 Less than high school 258 (49.4) 51 (60.0) 148 (48.5) 59 (44.7)

 High school 164 (31.4) 21 (24.7) 99 (32.5) 44 (33.3)

 College or higher 100 (19.2) 13 (15.3) 58 (19.0) 29 (22.0)

Father’s occupation 0.080

 Unemployment 22 (4.4) 3 (3.6) 8 (2.8) 11 (8.4)

 Worker 275 (55.2) 51 (61.5) 158 (55.6) 66 (50.4)

 Professional 201 (40.4) 29 (34.9) 118 (41.6) 54 (41.2)

Mother’s occupation 0.395

 Unemployment 135 (26.6) 22 (26.5) 76 (25.8) 37 (28.7)

 Worker 223 (44.0) 43 (51.8) 129 (43.7) 51 (39.5)

 Professional 149 (29.4) 18 (21.7) 90 (30.5) 41 (31.8)

 Parents’ divorce/separation 
(No) 471 (97.7) 74 (98.7) 275 (97.2) 122 (98.4) 0.629

 Maternal age at childbirth 26 (24, 27) 26 (24, 28) 26 (24, 27) 26 (25, 27) 0.604

Feed type during infancy 0.522

 Breastfeeding 484 (95.1) 80 (95.2) 280 (94.3) 124 (96.9)

 Formula 25 (4.9) 4 (4.8) 17 (5.7) 4 (3.1)

 Breastfeeding duration 8.82 ± 3.04 8.99 ± 3.54 8.86 ± 2.94 8.63 ± 2.94 0.665

Home location 0.038

 Countryside 62 (11.9) 7 (8.2) 43 (14.1) 12 (9.1)

 Town 87 (16.7) 20 (23.5) 39 (12.8) 28 (21.2)

 City 373 (71.5) 58 (68.2) 233 (73.1) 92 (69.7)

Siblings 0.265

 No siblings 387 (81.1) 60 (75.0) 226 (83.1) 101 (80.8)

 Have at least one sibling 90 (18.9) 20 (25.0) 46 (16.9) 24 (19.2)

Breakfast consumption 0.308

 0–2 d/w 21 (3.9) 4 (4.6) 15 (4.9) 2 (1.5)

 3–5 d/w 63 (11.8) 14 (15.9) 34 (11.0) 15 (11.0)

 6-7 d/w 450 (84.3) 70 (79.6) 260 (84.1) 120 (87.6)

Total sleep disturbance 42.6 (38.0, 47.0) 44.7 (39.2, 51.0) 43.0 (38.0, 47.0) 42.0 (38.0, 46.0) 0.013

 VIQ 101.4 ± 11.9 97.6 ± 11.7 101.4 ± 12.3 104.1 ± 10.1 <0.001

 PIQ 106.4 ± 12.1 103.5 ± 12.7 106.5 ± 12.2 108.0 ± 11.3 0.024

 FIQ 104.6 ± 11.9 100.6 ± 12.0 104.8 ± 12.2 107.0 ± 10.5 <0.001

Table 1.  Baseline characteristics of school children by fish consumption habits. Note: Proportions may not add 
to 100% due to rounding and sum across nominal variables may not add to 541 due to missing data. Nominal 
variables are shown as count (column percent); numeric variables having a skewed distribution are presented as 
median (inter-quartile range); normally distributed variables are shown as mean +/− standard deviation. Fish 
consumption: “often” = at least once per week, “sometimes” = 2–3 times per month, “never or seldom” = less 
than 2 times per month. Abbreviation: VIQ, verbal IQ; PIQ, performance IQ, FIQ, full IQ.
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Data availability.  The datasets analyzed during the current study are available from the corresponding 
author upon reasonable request.

Results
Basic characteristics of study population.  Of 541 schoolchildren aged 12 years, 137 (25.3%) reported 
consuming fish often (at least once per week), 315 (58.2%) reported eating fish sometimes (2-3 times per months), 
and 89 (16.5%) never or seldom ate fish (less than 2 times per month). With the exception of home location 
(p = 0.038), there were no significant differences in baseline socio-demographic characteristics by fish consump-
tion (Table 1). IQ measures and the total sleep disturbance score demonstrated a significant association with fish 
consumption: as compared to children who never or seldom ate fish, those having more frequent fish intake had 
higher verbal, performance, and full scale IQ scores, as well as a lower total sleep disturbance score (all p < 0.05). 
Distributions of average IQ scores by fish consumption groups are displayed in Fig. 1.

Simple bivariate associations between total sleep disturbance and the three IQ scores with demographic and 
relevant covariates are summarized in Table 2. While gender, parental education and occupation, and home loca-
tion were consistently associated with the three IQ measures, only the number of siblings and breakfast consump-
tion habits were significantly associated with verbal and full scale IQ. Moreover, the total sleep disturbance score 
was found to be significantly associated with parental education and occupation, maternal age at childbirth, home 
location, and number of siblings.

Fish consumption and cognitive function.  Dose-response relationships between fish consumption fre-
quency and IQ scores were observed in GLM analyses with and without adjustment for selected covariates (Table 3). 
Multivariable analyses indicate that, among children aged 12 years, those who frequently consumed fish when they 
were aged 9–11 years scored 4.75 points higher in verbal IQ (p = 0.002; Cohen’s d = 0.595), 3.79 points higher in per-
formance IQ (p = 0.026; Cohen’s d = 0.416), and 4.80 points higher in full scale IQ (p = 0.003; Cohen’s d = 0.567), com-
pared to those who never or seldom consumed fish. Similarly, children who sometimes consumed fish demonstrate 
verbal, performance, and full scale IQ scores 2.92 (p = 0.036, Cohen’s d = 0.317), 2.52 (p = 0.097, Cohen’s d = 0.236), 
and 3.31 (p = 0.023, Cohen’s d = 0.347) points higher than those who never or seldom consumed fish, respectively.

Fish consumption and sleep quality.  More frequent fish eating was found to be independently associated 
with less sleep disturbances, which indicated better overall sleep quality. After controlling for possible confound-
ing, children who often consumed fish and those eating fish sometimes had a total sleep disturbance score 4.49 
(p = 0.001; Cohen’s d = 0.221) and 3.01 (p = 0.019; Cohen’s d = 0.132) points lower, respectively, than those who 
never or seldom ate fish (Table 3).

Sleep quality and cognitive function.  Children with fewer sleep disturbance problems were more likely 
to have higher cognitive functioning. The negative associations between total sleep disturbance score and three 
IQ measures are summarized in Table 3. Multivariable GLM analysis showed that among schoolchildren aged 
12 years, a 1 point decrease in the total sleep disturbance score was associated with 0.17, 0.16, and 0.19 point 
increases in verbal, performance, and full scale IQ scores, respectively (all p < 0.05).

Sleep quality partially mediates the association between fish consumption and cognitive func-
tioning.  The mediation analysis showed that sleep quality partially mediated the association between fish 
consumption and verbal IQ score, but it was not a mediator of the association between fish consumption and 
performance IQ score (Fig. 2). As shown in Fig. 2A, more frequent fish consumption was associated with elevated 
verbal IQ (step 1, total effect) when not considering the total sleep disturbance score in the multivariable model. 
After controlling for sleep disturbance, the magnitude of the fish consumption effect on verbal IQ was reduced 
and the corresponding P value became non-significant (step 4, direct effect), indicating that the effect of fish con-
sumption on verbal IQ is partially mediated by overall sleep quality. Figure 2B shows that the adjustment for total 
sleep disturbance score did not affect the association between fish consumption and performance IQ, suggesting 
overall sleep quality was not a mediator explaining the relationship between fish consumption and performance 
IQ. Details on the 4-step mediation analysis are summarized in the Fig. 2.

Figure 1.  Means of IQ measures by fish consumption groups.
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Discussion
Omega-3 fatty acids are essential dietary nutrients found in fish and have important implications for children’s 
health. In the present longitudinal study, children who consumed more dietary fish had both reduced sleep dis-
turbances (better sleep quality) and better long-term cognitive outcomes. Such relationships still held significant 

VIQ PIQ FIQ Total sleep disturbance

 β (SE) p-value  β (SE) p-value  β (SE) p-value  β (SE) p-value

Gender (male) 1.878 (0.919) 0.041 3.926 (0.910) <0.001 3.253 (0.913) <0.001 −0.172 (0.830) 0.836

Father’s education

  High school 3.970 (1.072) <0.001 2.390 (1.098) 0.030 3.890 (1.067) <0.001 −2.014 (1.043) 0.054

  College or higher 8.951 (1.105) <0.001 5.488 (1.133) <0.001 8.565 (1.102) <0.001 −2.512 (1.038) 0.016

Mother’s education

  High school 5.506 (1.030) <0.001 3.599 (1.062) <0.001 5.511 (1.030) <0.001 −3.041 (0.974) 0.002

  College or higher 9.192 (1.193) <0.001 4.907 (1.230) <0.001 8.375 (1.193) <0.001 −3.143 (1.083) 0.004

Father’s occupation

  No job −6.611 (2.275) 0.004 −4.800 (2.255) 0.034 −6.843 (2.239) 0.002 2.935 (2.622) 0.264

  Worker −5.170 (0.981) <0.001 −3.823 (0.972) <0.001 −5.337 (0.966) <0.001 2.380 (0.886) 0.007

Mother’s occupation

  No job −5.713 (1.242) <0.001 −4.031 (1.240) 0.001 −5.813 (1.222) <0.001 0.926 (1.137) 0.416

  Worker −6.076 (1.117) <0.001 −5.024 (1.116) <0.001 −6.512 (1.101) <0.001 2.095 (1.001) 0.037

  Parent’s divorce/separation (no) 1.963 (2.824) 0.487 −1.206 (2.861) 0.673 1.161 (2.913) 0.690 0.102 (2.632) 0.969

  Maternal age at childbirth 0.236 (0.174) 0.175 0.277 (0.172) 0.108 0.330 (0.173) 0.057 −0.463 (0.151) 0.002

Feed type during infancy

  Breastfeeding 3.473 (2.009) 0.084 3.152 (2.017) 0.119 3.722 (2.004) 0.064 −0.660 (1.653) 0.690

  Breastfeeding duration −0.023 (0.157) 0.884 −0.261 (0.158) 0.099 −0.139 (0.157) 0.376 0.174 (0.149) 0.243

Home location

  Countryside −4.306 (1.438) 0.003 −4.531 (1.426) 0.002 −5.415 (1.424) <0.001 2.153 (1.234) 0.082

  Town −3.631 (1.208) 0.003 −4.163 (1.198) <0.001 −4.655 (1.190) <0.001 6.285 (1.174) <0.001

Siblings

  Have at least one sibling −5.418 (1.217) <0.001 −1.054 (1.211) 0.385 −3.664 (1.211) 0.003 3.360 (1.137) 0.003

Breakfast consumption

  6–7 d/w 7.752 (2.544) 0.002 0.741 (2.721) 0.785 5.438 (2.655) 0.041 −0.719 (2.489) 0.773

  3–5 d/w 4.952 (2.872) 0.085 −0.540 (3.072) 0.861 2.810 (2.996) 0.349 2.348 (2.716) 0.388

Table 2.  Bivariate general linear model (GLM) analysis: crude associations of IQ and total sleep disturbance 
score with demographic and relevant characteristics. Reference groups used in GLM analysis were: female 
(gender), less than high school (education), professional (occupation), yes (parent’s divorce or separation), 
formula (feed type during infancy), city (growing area), no siblings (siblings), and 0–2d/w (breakfast 
consumption). β denotes estimated regression coefficients.

VIQ PIQ FIQ Total sleep disturbance

 β (SE) p-value  β (SE) p-value  β (SE) p-value  β (SE) p-value

Bivariate models

Fish consumption

  Often (n = 137) 6.56 (1.59) <0.001 4.50 (1.64) 0.006 6.40 (1.61) <0.001 −5.57 (1.32) <0.001

  Sometimes (n = 315) 3.79 (1.40) 0.007 2.92 (1.45) 0.044 4.22 (1.42) 0.003 −4.24 (1.20) <0.001

  Never or seldom (n = 89) ref ref ref ref ref ref ref ref

  Total sleep disturbance −0.26 (0.06) <0.001 −0.21 (0.06) 0.001 −0.25 (0.06) <0.001 — —

Multivariable models

Fish consumption

  Often (n = 137) 4.75 (1.55) 0.002 3.79 (1.69) 0.026 4.80 (1.63) 0.003 −4.49 (1.38) 0.001

  Sometimes (n = 315) 2.92 (1.39) 0.036 2.52 (1.51) 0.097 3.31 (1.45) 0.023 −3.01 (1.28) 0.019

  Never or seldom (n = 89) ref ref ref ref ref ref ref ref

  Total sleep disturbance −0.17 (0.06) 0.007 −0.16 (0.07) 0.019 −0.19 (0.067) 0.005 — —

Table 3.  Bivariate and multivariable general linear model (GLM) analysis: associations among fish 
consumption, total sleep disturbance score and IQ measures. All multivariable models adjusted for gender, 
father’s education, mother’s education, siblings, home location, and breakfast consumption habits. β denotes 
estimated regression coefficients.
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after controlling for 13 sociodemographic covariates. Moreover, sleep was found to partially mediate the relation-
ship between fish consumption and cognitive outcomes, suggesting that frequent fish consumption may improve 
sleep quality, which results in better long-term cognitive outcomes. These conclusions are supported by the find-
ing of dose-response relationships between quantity of fish consumption and degree of increased IQ scores, rela-
tionships that were again found to be mediated by better sleep quality as indicated by less sleep disturbances. 

Figure 2.  Total and mediated effect of fish consumption on IQ scores. Note: All multivariable models adjusted 
for gender, father’s education, mother’s education, siblings, home location, and breakfast consumption habits. 
Reference group: never or seldom (fish consumption). Acronym: O, often; S, sometimes; N/S, never or seldom; 
β, estimated regression coefficient; SE, standard error; TSD, total sleep disturbance.
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These findings thus have potentially significant implications for public health attempts to promote healthy dietary 
habits in children and adolescents.

Our findings regarding the relationships between fish consumption, sleep, and cognitive outcomes are consist-
ent with the existing literature. First, our findings that fish consumption is significantly associated with improved 
cognitive function and performance in children adds to existing evidence from several European cohorts7–9. 
Second, the present study also confirms and makes important contributions to the existing knowledge on the rela-
tionship between fish consumption and sleep. While the effects of fish and omega-3 fatty acid intake on sleep have 
been shown in several studies in adults29,30 and infants25,26, less is known about this relationship in school-aged 
children. To our knowledge, Montgomery et al.31 is the only study that has examined this relationship in healthy 
children, demonstrating that in 395 children aged 7–9 years, higher serum DHA levels were associated with 
improved objective sleep measures including fewer wake episodes and more sleep each night31. Third, our find-
ings also add to existing and well-established evidence that sleep is significantly associated with cognitive func-
tioning15–17,20. As one example, sleep problems and fatigue have been associated with lower IQs20 whereas longer 
sleep duration has been associated with higher IQ and academic performance16.

Interestingly, we found that sleep mediated fish consumption and verbal IQ but not performance IQ. This 
partial mediation may reflect how the effects of fish consumption on sleep differentially affects specific neuro-
cognitive domains rather than a global deficit. However, these potential effects on VIQ versus PIQ remain mixed 
and unclear. While Northstone et al.44 similarly found that fish consumption to be associated with VIQ but not 
PIQ, other studies have reported relationships with both VIQ and PIQ, suggesting that nutrients in fish enhance 
cognitive functioning in a global fashion9. Findings are similarly mixed regarding sleep’s effects on VIQ versus 
PIQ. For example, polysomnography studies have found associations between sleep spindles (which are believed 
to mediate cognitive functions) and PIQ, but not VIQ in children16. Still other studies in primary school children 
have found VIQ to be more vulnerable to the effects sleep deprivation and poor sleep quality45. It is thus possi-
ble, for instance, that fish consumption affects sleep quality or aspects of sleep that are more related to cognitive 
functions related to VIQ rather than PIQ. Clearly, more research identifying the relationships between cognitive 
functioning with both objective and subjective measures of sleep in children is warranted.

The robustness of the above findings is shown in several ways. First, fish consumption and sleep quality were 
assessed 1 to 3 years earlier than cognitive functions. Second, the three sets of relationships remained significant 
after controlling for 13 covariates. Lastly, the finding of dose-response relationships confirms and extends the 
findings based on comparisons of the three levels of fish consumption. Thus, we believe that the findings cannot 
be easily attributed to chance and that instead, they reflect a reliable relationship between early frequent fish con-
sumption and later improved cognitive performance.

Importantly, our findings are also novel in demonstrating that sleep may serve as a mediator between frequent 
fish consumption and improved cognitive ability, providing an important mechanism by which fish consumption 
may affect cognitive functioning. To our knowledge, this is the first study to identify and demonstrate such a 
mediating effect. Omega-3 fatty acids are critical components of mammalian neural tissue and are known to have 
significant contributions to the growth and functioning of neural tissue1, including involvement in processes such 
as cortical glucose utilization13 and neural plasticity14. However, omega-3 fatty acids also appear to have direct 
effects on sleep, with animal models demonstrating the role of omega-3 fatty acids in critical sleep-regulating pro-
cesses such as endogenous melatonin production21–23. Sleep, in turn, is hypothesized to affect cognitive function 
by facilitating learning, working memory, memory consolidation, and underlying neural plasticity in children17. 
Thus, it is reasonable to assume that fish consumption may improve neurodevelopmental outcomes not only by 
directly affecting cognitive processes, but also by improving sleep. Improved cognitive outcomes may also reflect 
the facilitation of processes occurring during sleep that are critical to cognitive performance.

Several potential limitations of the study should be recognized. First, although the current study is longi-
tudinal, with early fish consumption/sleep measurement and later IQ testing, temporal ordering of the three 
constructs cannot be fully documented since fish consumption and sleep were measured at the same time. While 
mediation analysis tests a causal model, and while findings support the causal model proposed, we emphasize 
that our observational findings cannot document causality. A future prospective cross-lag longitudinal study 
measuring all three constructs at each time-point could provide a stronger test of the causal model that this study 
provisionally offers. Ideally, future randomized controlled trials which manipulate fish consumption and sleep 
will be launched to test the causal mechanism of the hypothesized model. In addition, because sleep outcomes 
were derived from subjective parental report, future research with both subjective and objective measures will be 
necessary to confirm our findings. Furthermore, we did not adjust for energy intake and use of omega-3 supple-
ments since these measures were not assessed. Lastly, the specific types of fish consumed were not included in the 
analysis, due to limitations in children’s comprehension of fish types at this age. Future follow-up into adolescence 
in these children will include this component as they will then have a better understanding of fish varieties.

Our study found that fish consumption among school-aged children is associated with both improved sleep 
and cognitive ability, and that sleep partially mediated the relationship between fish consumption at age 9–11 
years and cognitive ability as measured by IQ at age 12 years. These findings have important implications for 
public health efforts to promote healthy dietary habits in children and adolescents. More research is warranted to 
further explore the mechanisms through which intake of omega-3 fatty acids may contribute to improved neu-
rodevelopment and cognitive function.

References
	 1.	 Innis, S. M. Dietary (n-3) fatty acids and brain development. J Nutr 137, 855–859 (2007).
	 2.	 Marik, P. E. & Varon, J. Omega-3 dietary supplements and the risk of cardiovascular events: a systematic review. Clinical cardiology 

32, 365–372, https://doi.org/10.1002/clc.20604 (2009).
	 3.	 Young, G. & Conquer, J. Omega-3 fatty acids and neuropsychiatric disorders. Reproduction, nutrition, development 45, 1–28 (2005).

http://dx.doi.org/10.1002/clc.20604


www.nature.com/scientificreports/

8Scientific REPOrTs | 7: 17961  | DOI:10.1038/s41598-017-17520-w

	 4.	 Oken, E. et al. Maternal fish intake during pregnancy, blood mercury levels, and child cognition at age 3 years in a US cohort. 
American Journal of Epidemiology 167, 1171–1181 (2008).

	 5.	 Dunstan, J. A., Simmer, K., Dixon, G. & Prescott, S. L. Cognitive assessment at 2½ years following fish oil supplementation in 
pregnancy: a randomized controlled trial. Archives of Disease in Childhood-Fetal and Neonatal Edition (2006).

	 6.	 Helland, I. B., Smith, L., Saarem, K., Saugstad, O. D. & Drevon, C. A. Maternal supplementation with very-long-chain n-3 fatty acids 
during pregnancy and lactation augments children’s IQ at 4 years of age. Pediatrics 111, e39–e44 (2003).

	 7.	 De Groot, R., Ouwehand, C. & Jolles, J. Eating the right amount of fish: inverted U-shape association between fish consumption and 
cognitive performance and academic achievement in Dutch adolescents. Prostaglandins, Leukotrienes and Essential Fatty Acids 86, 
113–117 (2012).

	 8.	 Kim, J. L. et al. Fish consumption and school grades in Swedish adolescents: a study of the large general population. Acta Paediatrica 
99, 72–77 (2010).

	 9.	 Åberg, M. A. et al. Fish intake of Swedish male adolescents is a predictor of cognitive performance. Acta paediatrica 98, 555–560 
(2009).

	10.	 Qin, B. et al. Fish intake is associated with slower cognitive decline in Chinese older adults. J Nutr 144, 1579–1585, https://doi.
org/10.3945/jn.114.193854 (2014).

	11.	 Schaefer, E. J. et al. Plasma phosphatidylcholine docosahexaenoic acid content and risk of dementia and Alzheimer disease: the 
Framingham Heart Study. Arch Neurol 63, 1545–1550, https://doi.org/10.1001/archneur.63.11.1545 (2006).

	12.	 van Gelder, B. M., Tijhuis, M., Kalmijn, S. & Kromhout, D. Fish consumption, n− 3 fatty acids, and subsequent 5-y cognitive decline 
in elderly men: the Zutphen Elderly Study. The American journal of clinical nutrition 85, 1142–1147 (2007).

	13.	 Pifferi, F. et al. (n-3) polyunsaturated fatty acid deficiency reduces the expression of both isoforms of the brain glucose transporter 
GLUT1 in rats. J Nutr 135, 2241–2246 (2005).

	14.	 Wu, A., Ying, Z. & Gomez-Pinilla, F. Dietary omega-3 fatty acids normalize BDNF levels, reduce oxidative damage, and counteract 
learning disability after traumatic brain injury in rats. J Neurotrauma 21, 1457–1467, https://doi.org/10.1089/neu.2004.21.1457 
(2004).

	15.	 Dewald, J. F., Meijer, A. M., Oort, F. J., Kerkhof, G. A. & Bogels, S. M. The influence of sleep quality, sleep duration and sleepiness on 
school performance in children and adolescents: A meta-analytic review. Sleep Med Rev 14, 179–189, https://doi.org/10.1016/j.
smrv.2009.10.004 (2010).

	16.	 Gruber, R. et al. Short sleep duration is associated with poor performance on IQ measures in healthy school-age children. Sleep 
medicine 11, 289–294 (2010).

	17.	 Kopasz, M. et al. Sleep and memory in healthy children and adolescents - a critical review. Sleep Med Rev 14, 167–177, https://doi.
org/10.1016/j.smrv.2009.10.006 (2010).

	18.	 Goel, N., Rao, H., Durmer, J. S. & Dinges, D. F. Neurocognitive consequences of sleep deprivation. Semin Neurol 29, 320–339, 
https://doi.org/10.1055/s-0029-1237117 (2009).

	19.	 Harvey, A. G., Tang, N. K. & Browning, L. Cognitive approaches to insomnia. Clinical psychology review 25, 593–611 (2005).
	20.	 Liu, J. et al. Sleep problems, fatigue, and cognitive performance in Chinese kindergarten children. J Pediatr 161, 520–525.e522, 

https://doi.org/10.1016/j.jpeds.2012.03.018 (2012).
	21.	 Zhang, H., Hamilton, J. H., Salem, N. & Kim, H.-Y. N–3 fatty acid deficiency in the rat pineal gland: effects on phospholipid 

molecular species composition and endogenous levels of melatonin and lipoxygenase products. Journal of lipid research 39, 
1397–1403 (1998).

	22.	 Catala, A. The function of very long chain polyunsaturated fatty acids in the pineal gland. Biochim Biophys Acta 1801, 95–99, https://
doi.org/10.1016/j.bbalip.2009.10.010 (2010).

	23.	 Peuhkuri, K., Sihvola, N. & Korpela, R. Diet promotes sleep duration and quality. Nutr Res 32, 309–319, https://doi.org/10.1016/j.
nutres.2012.03.009 (2012).

	24.	 Turek, F. W. & Gillette, M. U. Melatonin, sleep, and circadian rhythms: rationale for development of specific melatonin agonists. 
Sleep medicine 5, 523–532 (2004).

	25.	 Judge, M. P., Cong, X., Harel, O., Courville, A. B. & Lammi-Keefe, C. J. Maternal consumption of a DHA-containing functional food 
benefits infant sleep patterning: an early neurodevelopmental measure. Early Hum Dev 88, 531–537, https://doi.org/10.1016/j.
earlhumdev.2011.12.016 (2012).

	26.	 Cheruku, S. R., Montgomery-Downs, H. E., Farkas, S. L., Thoman, E. B. & Lammi-Keefe, C. J. Higher maternal plasma 
docosahexaenoic acid during pregnancy is associated with more mature neonatal sleep-state patterning. Am J Clin Nutr 76, 608–613 
(2002).

	27.	 Urade, Y. & Hayaishi, O. Prostaglandin D2 and sleep/wake regulation. Sleep Med Rev 15, 411–418, https://doi.org/10.1016/j.
smrv.2011.08.003 (2011).

	28.	 Chen, C. & Bazan, N. G. Lipid signaling: sleep, synaptic plasticity, and neuroprotection. Prostaglandins & other lipid mediators 77, 
65–76, https://doi.org/10.1016/j.prostaglandins.2005.07.001 (2005).

	29.	 Christian, L. M. et al. Polyunsaturated Fatty Acid (PUFA) Status in Pregnant Women: Associations with Sleep Quality, Inflammation, 
and Length of Gestation. Plos One 11, e0148752, https://doi.org/10.1371/journal.pone.0148752 (2016).

	30.	 Del Brutto, O. H. et al. Dietary fish intake and sleep quality: a population-based study. Sleep Med 17, 126–128, https://doi.
org/10.1016/j.sleep.2015.09.021 (2016).

	31.	 Montgomery, P., Burton, J. R., Sewell, R. P., Spreckelsen, T. F. & Richardson, A. J. Fatty acids and sleep in UK children: subjective and 
pilot objective sleep results from the DOLAB study–a randomized controlled trial. J Sleep Res 23, 364–388, https://doi.org/10.1111/
jsr.12135 (2014).

	32.	 Liu, J., McCauley, L. A., Zhao, Y., Zhang, H. & Pinto-Martin, J. Cohort Profile: The China Jintan Child Cohort Study. Int J Epidemiol 
39, 668–674, https://doi.org/10.1093/ije/dyp205 (2010).

	33.	 Liu, J. et al. Cohort profile update: The China Jintan child cohort study. International journal of epidemiology 44, 1548–1548l (2015).
	34.	 Owens, J. A., Spirito, A. & McGuinn, M. The Children’s Sleep Habits Questionnaire (CSHQ): psychometric properties of a survey 

instrument for school-aged children. Sleep 23, 1043–1051 (2000).
	35.	 Li, S. et al. Development and psychometric properties of the Chinese version of Children’s Sleep Habits Questionnaire. Zhonghua er 

ke za zhi= Chinese journal of pediatrics 45, 176–180 (2007).
	36.	 Liu, J. et al. Sleep disordered breathing symptoms and daytime sleepiness are associated with emotional problems and poor school 

performance in children. Psychiatry research 242, 218–225 (2016).
	37.	 Liu, X., Liu, L., Owens, J. A. & Kaplan, D. L. Sleep patterns and sleep problems among schoolchildren in the United States and China. 

Pediatrics 115, 241–249 (2005).
	38.	 Liu, J. et al. Early blood lead levels and sleep disturbance in preadolescence. Sleep 38, 1869–1874 (2015).
	39.	 Yue, M. & Gao, E. School-age children Intelligence Scale, Wechsler the National Urban norm formulation. Pract Pediatr 2, 327–328 

(1987).
	40.	 Liu, J. & Lynn, R. An Increase of Intelligence in China 1986-2012. Intelligence 41, https://doi.org/10.1016/j.intell.2013.06.017 (2013).
	41.	 Liu, J. & Lynn, R. Chinese sex differences in intelligence: Some new evidence. Pers Individ Dif 75, 90–93, https://doi.org/10.1016/j.

paid.2014.11.002 (2015).
	42.	 Baron, R. M. & Kenny, D. A. The moderator–mediator variable distinction in social psychological research: Conceptual, strategic, 

and statistical considerations. Journal of personality and social psychology 51, 1173 (1986).

http://dx.doi.org/10.3945/jn.114.193854
http://dx.doi.org/10.3945/jn.114.193854
http://dx.doi.org/10.1001/archneur.63.11.1545
http://dx.doi.org/10.1089/neu.2004.21.1457
http://dx.doi.org/10.1016/j.smrv.2009.10.004
http://dx.doi.org/10.1016/j.smrv.2009.10.004
http://dx.doi.org/10.1016/j.smrv.2009.10.006
http://dx.doi.org/10.1016/j.smrv.2009.10.006
http://dx.doi.org/10.1055/s-0029-1237117
http://dx.doi.org/10.1016/j.jpeds.2012.03.018
http://dx.doi.org/10.1016/j.bbalip.2009.10.010
http://dx.doi.org/10.1016/j.bbalip.2009.10.010
http://dx.doi.org/10.1016/j.nutres.2012.03.009
http://dx.doi.org/10.1016/j.nutres.2012.03.009
http://dx.doi.org/10.1016/j.earlhumdev.2011.12.016
http://dx.doi.org/10.1016/j.earlhumdev.2011.12.016
http://dx.doi.org/10.1016/j.smrv.2011.08.003
http://dx.doi.org/10.1016/j.smrv.2011.08.003
http://dx.doi.org/10.1016/j.prostaglandins.2005.07.001
http://dx.doi.org/10.1371/journal.pone.0148752
http://dx.doi.org/10.1016/j.sleep.2015.09.021
http://dx.doi.org/10.1016/j.sleep.2015.09.021
http://dx.doi.org/10.1111/jsr.12135
http://dx.doi.org/10.1111/jsr.12135
http://dx.doi.org/10.1093/ije/dyp205
http://dx.doi.org/10.1016/j.intell.2013.06.017
http://dx.doi.org/10.1016/j.paid.2014.11.002
http://dx.doi.org/10.1016/j.paid.2014.11.002


www.nature.com/scientificreports/

9Scientific REPOrTs | 7: 17961  | DOI:10.1038/s41598-017-17520-w

	43.	 SAS, I. SAS/STAT User’s Guide, Version 9.2. SAS Cary, NC (1999).
	44.	 Northstone, K., Joinson, C., Emmett, P., Ness, A. & Paus, T. Are dietary patterns in childhood associated with IQ at 8 years of age? A 

population-based cohort study. J Epidemiol Community Health 66, 624–628, https://doi.org/10.1136/jech.2010.111955 (2012).
	45.	 Wang, X. Y. et al. Effects of sleep deprivation on the intelligence structure of school-age children in Changsha, China. Zhongguo dang 

dai er ke za zhi = Chinese journal of contemporary pediatrics 15, 866–869 (2013).

Acknowledgements
We thank student research assistant Jessica Wang for reference management and manuscript proofreading. We 
would also like to thank the participating children, their families, the schools from Jintan, and the Jintan Cohort 
Study Group. We are very grateful to the Jintan city government and the Jintan Hospital for their support and 
assistance. This study was funded by the National Institutes of Health/National Institute of Environmental Health 
Sciences in the United States (R01-ES-018858, K02-ES-019878 and K01-ES015877). The Intramural program of 
the National Institute on Alcohol Abuse and Alcoholism provided additional support.

Author Contributions
All authors have met the criteria for authorship as established by the ICMJE. J.L. contributed to the study design. 
J.L. and L.L. developed the first draft of the manuscript. Y.C., L.W., and A.H. performed the data analysis. J.P. 
contributed to the revision of the manuscript. All authors contributed to interpretation of data, provided critical 
revisions, and approved the final submitted manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1136/jech.2010.111955
http://creativecommons.org/licenses/by/4.0/

	The mediating role of sleep in the fish consumption – cognitive functioning relationship: a cohort study

	Methods

	Study population. 
	Measures. 
	Fish consumption at age 9–11. 
	Sleep quality at age 9–11. 
	Cognition (IQ) at age 12. 
	Covariates. 

	Statistical analysis. 
	Data availability. 

	Results

	Basic characteristics of study population. 
	Fish consumption and cognitive function. 
	Fish consumption and sleep quality. 
	Sleep quality and cognitive function. 
	Sleep quality partially mediates the association between fish consumption and cognitive functioning. 

	Discussion

	Acknowledgements

	Figure 1 Means of IQ measures by fish consumption groups.
	﻿Figure 2 Total and mediated effect of fish consumption on IQ scores.
	Table 1 Baseline characteristics of school children by fish consumption habits.
	Table 2 Bivariate general linear model (GLM) analysis: crude associations of IQ and total sleep disturbance score with demographic and relevant characteristics.
	Table 3 Bivariate and multivariable general linear model (GLM) analysis: associations among fish consumption, total sleep disturbance score and IQ measures.




