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Abstract

Both pre-pregnancy maternal body mass index (BMI) and higher BMI of children

themselves are reported to be associated with children’s lower cognitive functions. The

current study aimed to explore whether pre-pregnancy maternal BMI is directly related

to children’s cognitive functions or whether this relationship is mediated by children’s

BMI. Of the 1258 participants in the Hamamatsu Birth Cohort Study for Mothers and

Children (HBC Study), 857 children who completed measurements at age 6 years were

included. Cognitive functions were measured at age 9 using the Wechsler Intelligence

Scale for Children — Fourth Edition (WISC-1V); full-scale 1Q (FSIQ), and scores of the

four subscales (verbal comprehension, perceptual reasoning, working memory, and

processing speed) were obtained. The results of counterfactual-based mediation analysis

showed a significant natural direct effect between maternal BMI and children’s FSIQ and

a natural indirect effect via children’s BMI. The proportion of mediation was estimated

to explain 49.8%. Similar direct and indirect effects were observed in the perceptual

reasoning and working memory subscales. The association between higher maternal BMI

and lower cognitive functions in children was partially mediated by higher BMI in

children. On the other hand, higher maternal BMI had a direct negative effect on

children’s cognitive functions.
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INTRODUCTION

Maternal obesity is among the most common obstetric problems that influences
the health of both the mother and child. The prevalence of obesity is projected to continue
to increase in both developing and developed countries.(!> Therefore, the issue of obesity
during pregnancy has attracted major attention. In Japan, on the other hand, lower BMI
of pregnant women that may adversely affect the unborn child and cause long-term health
problems has been a major concern.”® However, obesity is also an important factor
impacting the health of the mother and child in Japan because 8.9% of the women in their
20s and 15.0% women in their 30s are obese with a BMI of 25 or higher in Japan.!”

More than a dozen observational studies have been conducted to examine the
association between maternal BMI and cognitive functions of the child during infancy
and adolescence. These studies largely support a negative correlation between maternal
pre-pregnancy obesity and cognitive function in children.®!” Disturbances in the
development of cognitive functioning can ultimately lead to problems with mental health,
social development, peer relationships, and physical health, all of which can affect the
quality of life in adulthood.'®

Obesity in children has also been reported to negatively impact cognitive function.

Animal models have shown that diet-induced obesity has a detrimental effect on cognitive



functions, such as working memory, learning, and executive function.'2) Boitard et al.
(22) showed that early exposure to a high-fat diet negatively affected relational memory
flexibility and decreased neurogenesis. Thus, early exposure to a high-fat diet may be
particularly deleterious to cognition.*¥ A recent longitudinal study showed that
standardized BMI at age 10 is associated with school absence at ages 14-16 and
educational attainment at age 16.%% This study also found that in the examination of
genetic liability, BMI polygenic scores were associated with both school absence and
attainment. Furthermore, Mendelian randomization analysis performed to assess the
causal influence of BMI showed that higher BMI in childhood and adolescence may
causally impair educational outcomes.*” Based on these results, it is likely that children’s
weight status has an impact on their cognitive functions as much as, or in addition to, the
obesity of the mother before pregnancy.

However, many of the previous studies that investigated the relationship between
maternal obesity and cognitive functions of the child did not take into account the child’s
BMI.1625 Similarly, studies that examined the relationship between child obesity and
cognitive functions did not consider the maternal BMIL.® Therefore, it is necessary to

investigate how maternal BMI during pre-pregnancy and the child’s BMI are associated

with the child’s cognitive functions. In addition, genetic disposition should be considered



when examining the association between maternal BMI and the child’s BMI. The present
study aimed to determine whether pre-pregnancy BMI directly affects the cognitive
functions of the child or is indirectly related to it through the child’s BMI. In the analysis,

the polygenic risk score (PRS) of BMI was included as a genetic factor.

METHODS
Participants

This study was conducted as part of an ongoing cohort study, the Hamamatsu Birth
Cohort for Mothers and Children (HBC Study), which has been described in detail
elsewhere.?’?® In brief, all women who visited either of the two research sites, the
Hamamatsu University Hospital and Kato Maternity Clinic, during the first or second
trimester of pregnancy were invited to participate in the study. We registered all the
mothers who agreed to participate in the study, which comprised a consecutive series of
mothers (# = 1138) and their infants born between December 24, 2007, and March 9,
2012 (n = 1258). By referring to reports from the Japanese Ministry of Health, Labour
and Welfare,*” we found that the mothers enrolled in the cohort study were representative
of Japanese mothers with respect to age and socioeconomic status, and that their offspring
were representative of Japanese infants with respect to birth weight and gestational age

at birth. Therefore, participants from this cohort were considered to be a representative
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sample of the general population.

For the present study, children were excluded if they met the following criteria:

early life death before one year (n = 4), twins (n = 38), and a diagnosis of Down’s

syndrome (n = 2) (Figure 1). Twins were excluded because their maternal BMI were

identical, and BMIs and cognitive functions were often similar between them. Further,

we excluded 357 children for whom information on BMI (mediator, see below) was not

available at 6 years of age. Thus, 787 mothers and 857 children were included in the

analyses. The unbalanced sizes for mothers and infants were ascribed to the fact that some

mothers (n = 70) had multiple deliveries during the study period. Table 1 presents the

demographic characteristics of the final sample.

Ethical considerations

The study protocol was approved by the Hamamatsu University School of

Medicine and University Hospital Ethics Committee (Reference No. 18-166, 19-9, 20-

82,22-29, 24-67, 24-237, 25-143, 25-283, E14-062, E14-062-1, E14-062-3, 17-037, 17-

037-3, 20-233). Written informed consent was obtained from each mother for her own

and her infant’s participation.

Measures



Outcome: Cognitive functions
To ascertain children’s cognitive functions, we used the Weschler Intelligence Scale for
Children — Fourth Edition (WISC-1V).C? First, the full-scale intelligence quotient (FSIQ)
consisting of 10 core subtests was used for the analysis, and scores of following four
subscales were used; verbal comprehension index (VCI), perceptual reasoning index
(PRI), working memory index (WMI), and processing speed index (PSI). Measurements
were taken when the children were around 9 years old.
Exposure: Maternal pre-pregnancy body mass index

Maternal pre-pregnancy BMI (mpBMI; calculated as weight in kilograms
divided by squared height in meters) immediately before pregnancy was obtained from
self-reported data. The mpBMI was then categorized as underweight (mpBMI < 18.5
kg/m?), normal (18.5-25 kg/m?), overweight (25-30 kg/m?), or obese (> 30 kg/m?).CGY
Mediator: Children’s body mass index

The children’s weight and height at 6 years of age that were most recently
measured during periodic health checkups at medical facilities or body measurements at
nurseries or kindergartens were reported by mothers. Children’s BMI was calculated
weight in kilograms divided by squared height in meters, and then transformed into

standard deviation scores (SDS) according to the data from the WHO.®? For children,
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overweight was defined as SDS > 1.04 and obesity as SDS > 1.64.G%
Covariates

The following factors known to be related to children’s cognitive functions®%
were included as covariates: children’s sex, low birth weight (< 2500g), preterm delivery
(before 37 weeks), parity, parental age and educational years, annual household income,

maternal smoking during pregnancy, and maternal alcohol consumption during pregnancy.

Statistical analysis

We performed linear regression analyses to investigate the relationship among
mpBMI, children’s BMI, and cognitive functions. To examine whether the association
between mpBMI and children’s cognitive functions was mediated by children’s BMI,
we employed a counterfactual-based mediation analysis (Figure 3).% Mediation
analysis aims at estimating to what extent the effect of an exposure on an outcome is
explained by a mediator on the causal pathway between the exposure and the outcome.
This goal is achieved by decomposing the total effect of the exposure on the outcome
into a natural indirect effect (NIE; the effect explained through the given mediator) and
a natural direct effect (NDE; the effect unexplained by the mediator).®® Of particular

interest was the NIE that was interpreted as representing the proportion of pre-
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pregnancy BMI in relation to cognitive functions, which could be explained by its
association with changes in children’s BMI. The NDE represented the effect of pre-
pregnancy BMI on cognitive functions, which was independent of children’s BMI. To
quantify the magnitude of mediation, the proportion of the association mediated by
children’s BMI was estimated (NIE/Total effect).

In a “crude model,” mpBMI was set as a predictor, cognitive functions as
outcomes, and children’ BMI as a mediator without any covariates. Next, the covariates
described above were incorporated into the model (Model 1). We hypothesized that if
the mpBMI and the children’s BMI are determined by genetic traits, then the indirect
effect would disappear. To verify this, we included the PRS in the analysis, which was
calculated using specific information on the genes identified for defining the BMI by a
genome-wide association study (GWAS). The PRS was generated by PRSice-2¢7 using
a recent BMI-GWAS in the Japanese adult population as a discovery cohort.*® More
details on the PRS can be found in the previous work.®?

The missing data were handled by a process of full information maximum
likelihood (FIML). The FIML adjusts the likelihood function so that each case
contributes information for the variables that are observed and takes into consideration

the conditions under which missing data occur while providing better estimates for

12



parameters.“

Planned additional sensitivity analyses were performed to examine the
robustness of the results. First, to test whether the indirect effects differed between boys
and girls, we conducted a multi-group analysis. Second, to account for the effects of
missing data, we reran the final model of mediation analysis using listwise deletion and
multiple imputation methods.

All analyses were estimated using bootstrapping (10000 replications) to
recover the correct standard errors for direct and indirect effects. All P-values were 2-
tailed, and statistical significance was set at a P-value of less than 0.05. Clustering of
siblings with the same mother was performed throughout the analyses. Statistical

analysis was performed using Mplus version 8.4.4%

RESULTS

The demographic characteristics of the sample included in the analyses are
shown in Table 1. The main characteristics were as follows: out of the 857 children, 429
were male (50.1%), the average birthweight was 2954.3 g (SD = 429.8), the proportion
of low birth weight was 11.9%, the average gestational age was 39.0 weeks (SD = 1.5),

and the proportion of preterm infants was 5.6%. The average age of the mothers at the
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time of birth was 31.9 years (SD =5.0) and 33.6 years (SD = 5.7) for fathers. These values
did not differ from the concurrent norms for infants in Japan, according to official national
statistics.®® The average mpBMI was 21.0 kg/m? (SD = 3.3), which was similar to the
Japanese norm.(”’ The average score on the FSIQ was 101.6 (SD = 14.0). The average
BMI SDS of the children was -0.11 (SD = 0.95).

In the linear regression analyses, the association between mpBMI and children’s
FSIQ (coefficient = -0.37; 95% confidence interval [CI]: -0.71, -0.05), mpBMI and
children’s BMI (coefficient = -0.43; 95% CI: -0.74, -0.11), and the interaction of mpBMI
with children’s BMI and the FSIQ (coefficient = 0.25; 95% CI: 0.18, 0.32) were all
significant, except for the association between children’s BMI and FSIQ (coefficient = -
0.14; 95% CI: -2.20, 0.05). Maternal underweight, overweight, and obesity had no
significant effect on FSIQ (coefficient = 0.60; 95% CI: -1.97, 3.19; coefficient = -3.32;
95% CI: -7.36, 0.89; coefficient = -3.20; 95% CI: -11.34, 4.74, respectively). Overweight
in children had no significant effect on FSIQ (coefficient = 0.24; 95% CI: -4.00, 4.34),
while obesity had a significant effect (coefficient = -6.72; 95% CI: -12.31, -1.22).
However, the number of children with obesity was small (n =35, 4.1%) and convergence
was not achieved in the model including children’s obesity as a categorical variable. We

also examined the association among mpBMI, children’s BMI, and cognitive functions,
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using locally weighted scatter plot smoothing (LOESS) methods.“? As a result, we
determined that a linear association could be hypothesized (Figure 2); therefore, mpBMI
and children’s BMI were treated as continuous variables in the subsequent mediation
analyses.

Table 2 displays the results of the mediation analysis of the association between
mpBMI and FSIQ through children’s BMI at 6 years. In the crude model, both NIE and
NDE were significant. These effects were negative for FSIQ. Figure 4 is a plot of the NIE
and indicates that the higher the mpBMI, the stronger was the negative effect of NIE.

These effects remained significant after adjusting for covariates (Model 1).
Moreover, when adjusted by PRS, which reflects the genetic component of BMI, these
effects remained significant (Model 2). In this model, the proportion of mediation by
children’s BMI was 49.8%.

In two of the four subscales of the WISC-IV (PRI and WMI), both unadjusted
and adjusted models revealed similar findings; significantly negative NIE and NDE were
observed (Table 3). However, in VCI and PSI subscales, the total effects were not
significant, indicating that there was no relationship between mpBMI and cognitive

functions in these subscales.
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Sensitivity analysis

The Wald tests of the multigroup analyses were not significant in either FSIQ or
the subscales, indicating that the indirect effects did not differ between males and females.
The missing data were handled by FIML in this study, and the results were similar when

missing data were handled by listwise deletion and multiple imputation.

DISCUSSION

In this longitudinal study of a representative birth cohort, we found that maternal
pre-pregnancy BMI was associated with children’s cognitive functions at 9 years of age,
and this association was partly mediated by children’s BMI at 6 years of age. Furthermore,
the indirect effect became stronger as the mother’s BMI increased. These results did not
change when adjusted for the genetic component (PRS) of BMI, suggesting that instead
of genetic factors, other factors related to children’s BMI affect cognitive functions.

Maternal obesity was reported to be associated with cognitive impairments in
offspring. 44344 According to a recent meta-analysis,*¥ children born to overweight
mothers were 17% more likely to have adverse neurodevelopmental outcomes (OR, 1.17;
95% CI, 1.11-1.24) and mothers who were obese before pregnancy were 51% more likely

to have a child with adverse neurodevelopmental outcomes (OR, 1.51; 95% CI, 1.35-1.69.
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In the present study, however, maternal overweight and obesity did not have significant
effects on children’s cognitive function. This inconsistency with previous studies may be
related to the low prevalence of overweight and obesity in Japan. Therefore, we
recategorized maternal BMI using the WHO recommendation for Asian populations
(underweight: < 18.5 kg/m?; overweight: > 23.0 kg/m?; obese: >27.5 kg/m?);*> however,
even after doing so, the results were similar. Consistent with previous studies, we found
that the higher the BMI of the mother, the stronger the effect on the children’s cognitive
functions. However, we could not confirm that a BMI above a certain cut-off value had

any special risk.

Previous studies also found negative relationships between children’s obesity and
cognitive function, but the results have been mixed. Hughes et al.** reported that a higher
BMI in childhood and adolescence may causally impair educational outcomes. In contrast,
Afzal and Gortmaker “® found no significant association between obesity and cognitive
function after adjusting for the children’s home environments. Liang et al.*”) conducted
a systematic review to examine the relationship between obesity and various aspects of
neurocognitive function and found stronger and more consistent evidence supporting a

relationship between obesity and deficits in the areas of executive functioning, attention,
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visuospatial skills, and motor skills. However, findings were mixed in the areas of general
cognitive functioning, learning and memory, language, and academic achievement.“”) In
the present study, we found an association between maternal BMI and children’s cognitive
functions only in the subscales of perceptual reasoning and working memory. This might
support a robust association between executive functioning, visuospatial skills, and
childhood obesity.

In the present study, both a significant natural direct effect between maternal BMI
and children’s FSIQ and a natural indirect effect via children’s BMI were observed. The
proportion of mediation was estimated at 49.8%. The natural indirect effect and mediation
proportion are important indices for exploring potential pathways and mechanisms
underlying exposure-outcome relationships.®® Although the present study is
observational and a biological mechanism has not been investigated, there are many
previous reports on the mechanism by which maternal BMI and children’s BMI
negatively affect children’s cognitive function.**>? Further studies would be informative
to explore the mechanisms underlying the relationship between maternal BMI and
children’s cognitive function, considering the pathways through children’s BMI.

Maternal underweight had no significant effect on cognitive function in the present

study. However, maternal BMI has been reported to display an inverted U-shaped
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association with cognitive function in children.*® In addition, staying slim during
pregnancy has become a problem, especially in Japan.® Since it was reported that having
low maternal weight pre-pregnancy was also associated with an increased risk of
undernutrition among children,®® the risks of maternal underweight need to be further

investigated.

Limitations

The present study examined the role of children’s BMI in the association between
maternal BMI and children’s cognitive functions in a representative Japanese population.
In spite of the insights provided by the study, it has some limitations that should be
considered. First, BMI at age 6 years was set as a mediator, but BMI may not necessarily
be an ideal indicator of childhood obesity. In future studies, more obesity-related factors,
such as body fat percentage, need to be investigated. Second, BMI was treated as a
continuous variable, and the linear association between maternal BMI, children’s BMI,
and cognitive function was examined. However, in this study, maternal BMI had no
significant effect on children’s cognitive function. Further studies are needed to determine

whether the effect of maternal BMI on children’s cognitive function is linear or non-linear.
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Conclusion

The present study revealed that maternal pre-pregnancy BMI affects children’s cognitive

functions both directly and indirectly. Directly, the high BMI of the mother may affect

the central nervous system of the child during pregnancy. Indirectly, biological and

environmental factors may also influence children’s cognitive functions through higher

BMI in children. Further research is needed to understand the domains of cognitive

function that are affected by maternal, and children’s obesity and the mechanisms

involved.
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Table 1. Characteristics of participating children and their parents

Children

Total, n 857

Gender (Male / Female), n (%) 429 (50.1) / 428 (49.9)
Low birthweight, n (%) 102 (11.9)
Preterm birth, n (%) 48 (5.6)
Children’s BMI SDS at 6 years, mean (SD) -0.11 (0.95)
WISC-IV scores at 9 years, mean (SD)

Full Scale Intelligence Quotient (FSIQ) 101.6 (13.9)
Verbal Comprehension Index (VCI) 104.7 (14.2)
Perceptual Reasoning Index (PRI) 100.6 (15.3)
Working Memory Index (WMI) 96.0 (14.)
Processing Speed Index (PSI) 100.3 (13.5)
Mothers

Maternal age, mean (SD), years 31.9 (5.0)
Maternal education, years, n (%)

=9 9(1.1)
10-16 805 (93.9)
=17 43 (5.0)
Parity, n (%)

0 (primipara) 434 (50.6)
=1 (multipara) 423 (49.4)
Smoking during pregnancy, n (%) 67 (7.8)
Drinking alcohol during pregnancy, n (%) 115 (13.4)
Pre-pregnancy BMI, mean (SD), kg/m? 21.0(3.3)
Fathers

Paternal age, mean (SD), years 33.6 (5.7)
Paternal education, years, n (%)

=9 48 (5.6)
10-16 7.9 (82.7)
=17 100 (11.7)
Household income, million JPY, n (%)

=300 38 (4.4)
300-1000 733 (85.5)
>1000 86 (10.0)

30



Abbreviation: BMI, body mass index; SDS, standard deviation scores; WISC-1V,
Wechsler Intelligence Scale for Children-Fourth Edition
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Table 2. Mediation analysis of the association between maternal pre-pregnancy BMI
and cognitive function (WISC-IV Full Scale IQ) through children’s BMI (n=857)

Full Scale IQ (FSIQ)
Unadjusted Model 1 Model 2
Natural indirect effect -2.30 (-4.52,-0.46)*  -2.47 (-4.56,-0.74)*  -2.48 (-4.59, -0.77)*
Natural direct effect -2.66 (-4.73,-0.82)*  -2.45 (-4.56,-0.66)*  -2.50 (-4.63, -0.73)*
Total effect -4.96 (-9.09, -1.51)*  -4.91 (-8.89, -1.1)* -4.98 (-9.02, -1.70)*
Proportion mediated, % 46.37 50.31 49.80

*P <0.05

Model 1: Adjusted for parental age, parental education years, parity, parental income,
children’s sex, low birthweight, preterm birth, smoking during pregnancy, drinking
during pregnancy

Model2: Further adjusted for polygenic risk score (PRS) of BMI.
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Table 3. Mediation analysis of the association between maternal pre-pregnancy BMI
and cognitive functions (WISC-IV subscales) through children’s BMI (n=857)

Verbal Comprehension Index (VCI)

Unadjusted

Model 1

Model 2

Natural indirect effect
Natural direct effect
Total effect

Proportion mediated, %

-1.74 (-3.77, -0.01)**

-1.01 (-3.00, 0.74)

-2.74 (-6.59, 0.54)
63.5

-1.95 (-3.95, -0.17)*

-0.89 (-2.93, 0.96)

-2.83 (-6.69, 0.55)
68.9

-1.96 (-4.00, -0.18)*

-0.95 (-3.05, 0.91)

-2.91 (-6.88, 0.50)
67.35

Perceptual Reasoning Index (PRI)

Unadjusted

Model 1

Model 2

Natural indirect effect
Natural direct effect
Total effect

Proportion mediated, %

-1.98 (-4.23, -0.20)**

-2.37 (-4.36, -0.63)*

-4.35 (-8.30, -1.12)*
45.52

-2.17 (-4.29, -0.44)*
-2.32 (-4.32, -0.57)*
-4.49 (-8.36, -1.26)*

48.33

-2.19 (-4.34, -0.45)*

-2.38 (-4.41, -0.63)*

-4.57 (-8.55, -1.33)*
47.92

Working Memory Index (WMI)

Unadjusted

Model 1

Model 2

Natural indirect effect
Natural direct effect
Total effect

Proportion mediated, %

-2.22 (-4.31, -0.35)*

-3.23 (-5.21, -1.42)*

-5.45 (-9.34, -2.02)*
40.73

-2.22 (-4.24, -0.50)*
-3.07 (-5.05, -1.27)*
-5.29 (-9.13, -1.98)*

41.97

-2.23 (-4.25, -0.52)*

-3.09 (-5.10, -1.29)*

-5.32 (-9.16, -2.04)*
41.92

Processing Speed Index (PSI)

Unadjusted

Model 1

Model 2

Natural indirect effect
Natural direct effect
Total effect

Proportion mediated, %

-1.35 (-3.42, 0.52)

-2.12 (-4.12, -0.21)*

-3.47 (-7.36, 0.15)
38.9

-1.41 (-3.47, 0.37)
-1.77 (-3.87, 0.18)
-3.18 (-7.13, 0.38)

44.34

-1.40 (-3.47, 0.38)

-1.77 (-3.88, 0.18)

-3.17 (-7.14, 0.37)
44.16

*P <0.05; **P <0.01

Model 1: Adjusted for parental age, parental education years, parity, parental income,

children’s sex, low birthweight, preterm birth, smoking during pregnancy, drinking

during pregnancy

Model2: Further adjusted for polygenic risk score (PRS) of BMI.
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Mothers: n=1138
Children: n=1258

Hamamatsu Birth Cohort Study (HBC)

A 4
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Infant died before 1 year old (n=4)
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Twins (n=38)
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Down syndrome (n=2)

Children: n=1214
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Lack of data on children’ s body mass
index at 6 years (n=357)
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Children: n=857

Figure 1. Flow chart of participants who met inclusion/exclusion criteria.
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