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Abstract
Background: Various genetic and environmental inﬂuences have been studied for developmental disorders; however, the precise
cause remains unknown. This study assessed the impact of maternal serum total cholesterol (TC) level in early pregnancy on early
childhood neurodevelopment.
Methods: The ﬁxed data of 31,797 singleton births from a large national birth cohort study that commenced in 2011 were used to
identify developmental disorders as estimated by Ages and Stages Questionnaire, third edition (ASQ-3) scores of less than 2 standard deviations at 12 months of age. Multiple logistic regression analysis was employed to search for correlations between possibility
of developmental disorders and maternal TC levels in early pregnancy classiﬁed into 4 groups based on quartile (Q1–Q4) values.
Results: After controlling for potential confounding factors in 27,836 participants who ultimately underwent multivariate analysis, we observed that elevated TC levels were signiﬁcantly associated with a higher risk of screen positive status for communication
(Q4: adjusted odds ratio [aOR] 1.20, 95% conﬁdence interval [CI] 1.05–1.37) and gross motor (aOR 1.13, 95% CI 1.03–1.25) ASQ-3
domain scores.
Conclusion: This large nationwide survey revealed a possible deleterious eﬀect of hypercholesterolemia in early pregnancy on
infant neurodevelopment and age-appropriate skill acquisition at 12 months age.
Ó 2022 The Japanese Society of Child Neurology Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
⇑ Corresponding author at: Center for Perinatal, Pediatric, and

Environmental Epidemiology, Shinshu University School of Medicine,
3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan.
E-mail address: inabay@shinshu-u.ac.jp (Y. Inaba).

Developmental disorder is deﬁned as impaired development in the areas of speech and language, motor
skills, social interaction, and cognition [1]. The number
of children with developmental disorder has increased
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2. Materials and methods

structured questionnaire in Japanese. This study was
registered in the UMIN Clinical Trials Registry (number: UMIN000030786). Details of the JECS project
have been described previously [24–26]. The JECS protocol was reviewed and approved by the Institutional
Review Board on Epidemiological Studies of the Ministry of the Environment (ethical number: No.
100910001) as well as by the Ethics Committees of all
participating institutions. The JECS was conducted in
accordance with the Helsinki Declaration and other
nationally valid regulations and guidelines. Written
informed consent was obtained from each participant.
The present study was based on the ‘‘jecs-an20180131” dataset released in March 2018 containing
information on 104,065 pregnancies, which included
prospectively collected data on infants up to 12 months
of age as well as their mothers. We excluded 3,921 cases
of miscarriage/stillbirth/missing data on pregnancy and
1,889 cases of multiple births, leaving 98,255 mothers
who had a singleton live birth, including 50,563 with
the father’s registration. Speciﬁcally, we focused on
questionnaire data regarding the Ages and Stages Questionnaire, third edition (ASQ-3) developmental screening tool as self-described by mothers when their child
was 12 months old [27]. Among the participants with
the father’s registration, we excluded 9,053 cases of
insuﬃcient or missing ASQ-3 data and 3,350 cases missing maternal serum TC level data in early pregnancy.
Preterm births with a gestational age of less than
37 weeks were excluded since they would have needed
to be adjusted to the appropriate age for the ASQ-3
[27]. Participants with obvious risk factors for developmental disorders, such as neonatal asphyxia, physical
abnormality at birth including infection, respiratory distress, congenital abnormality, hearing disability, and
chromosomal abnormalities, were excluded. Participants with missing information regarding the above
exclusion criteria were also excluded, leaving 31,797 participants for analysis. Those with missing covariate data
were not included in multiple logistic regression testing,
resulting in 27,836 participants in the ﬁnal analysis
(Fig. 1).

2.1. Study design and participants

2.2. Data collection

The data used in this study were obtained from the
Japan Environment and Children’s Study (JECS), an
ongoing cohort study that began in January 2011 to
determine the eﬀect of environmental factors on children’s health.
In the JECS, pregnant women were enrolled between
January 2011 and March 2014. The inclusion criteria
were: 1) having residence in the study area at the time
of recruitment, 2) expected delivery after August 1,
2011, and 3) capable of comprehending the Japanese
language and completing the self-administered

Maternal non-fasting serum samples were collected in
the ﬁrst trimester to measure TC. Since the samples were
obtained in a non-fasting state, triglyceride (TG) values
were not included in the analysis.
Information on socioeconomic status, parental
smoking habit, and maternal alcohol consumption was
collected during mid/late pregnancy by means of selfreported questionnaires. Details on parental history of
neurodevelopmental disorders, epilepsy, and mental disease were also gathered from questionnaires described
by the mothers and their partners. Maternal

dramatically in recent decades [2,3]. Although its estimated prevalence is generally 5–15% in pediatric populations [2–4], reported developmental disorder values
vary with the socioeconomic characteristics of the study
population, case deﬁnition, and age range [5]. Various
genetic and environmental inﬂuences have been studied
for developmental disorders [6–8]; however, the precise
cause remains unknown.
Fetal development is sustained by metabolites crossing the placenta from the maternal circulation [9]. Glucose and amino acids are the most important nutrients
traversing the placenta [10–12]. Although the transfer
of lipids is limited [13], these also play a major role in
fetal growth. Cholesterol is important in embryonic
development as an essential component of cell membranes [14] and has functions in cell proliferation and
diﬀerentiation [15,16] as well as cell-to-cell communication [17]. The neuronal myelin membrane contains a
high level of cholesterol, which is known to be important
for myelin production and maintenance [18]. In fetuses
younger than 6 months, plasma cholesterol levels significantly correlate to maternal ones [19], suggesting that
maternal cholesterol status inﬂuences fetal cholesterol
in early gestation.
Several studies have revealed that maternal dyslipidemia could be associated with obstetric complications
such as hypertension, eclampsia, macrosomnia, and preterm birth [20–23]. Catov et al. [20] reported that elevated serum total cholesterol (TC) level in early
pregnancy was related to an increased risk of spontaneous preterm birth. Although relationships between
maternal dyslipidemia and pregnancy complications
are well documented, less is known on the longer-term
neurodevelopmental outcomes in the oﬀspring. To our
knowledge, no studies have investigated if excess or
insuﬃcient maternal TC level increases the risk of oﬀspring developmental disorder in Japan. Accordingly,
we conducted a large birth cohort study with the speciﬁc
objective of examining the impact of maternal TC levels
on oﬀspring neurodevelopment.
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Fig. 1. Case selection ﬂowchart.

anthropometric data before and during pregnancy, complications and medication during pregnancy related to
placental abnormalities, hypertensive disorders of pregnancy (HDP), and diabetes mellitus/gestational diabetes
mellitus (DM/GDM), and a history of previous pregnancy were obtained from subject medical record transcriptions performed by physicians, midwives/nurses,
and/or research coordinators. Pre-pregnancy body mass
index (BMI) to evaluate maternal weight status was calculated according to World Health Organization Standards as body weight (kg)/height (m)2.

2.3. Outcomes
The main outcome of interest was ASQ-3 scores. We
used the Japanese translation of the ASQ-3 [28]. The
ASQ-3 is a parent-reported initial level developmental
screening instrument for children aged 12 months with
30 items over 5 domains: communication, gross motor,
ﬁne motor, problem solving, and personal-social. Each
item describes a skill, ability, or behavior to which a parent responds ‘‘yes” (10 points), ‘‘sometimes” (5 points),
or ‘‘not yet” (0 points). Some parents omitted items

Table 1
Characteristics of participants according to maternal serum TC level quartile in ﬁrst trimester.
Variable

All

Maternal serum TC level quartile

P value

Participants, n
Maternal age at delivery (years)
Maternal age group, n (%)
< 35 years
 35 years
Pre-pregnancy BMI (kg/m2)
Pre-pregnancy BMI group, n (%)
Underweight (BMI < 18.5)
Normal weight (BMI 18.5–24.9)
Overweight (BMI 25.0–29.9)
Obese (BMI  30.0)
Body weight gain during pregnancy (kg)
Standard daily calorie intake (kcal/day)
First trimester
Second/third trimester
Highest level of maternal education, n (%)
Junior high school
High school
Vocational school/Junior college
University/Graduate school
Annual household income during pregnancy, n (%)
< 4,000,000 JPY
4,000,000–7,999,999 JPY
 8,000,000 JPY
Maternal smoking during pregnancy, n (%)
Partner’s smoking during pregnancy, n (%)
Maternal drinking during pregnancy, n (%)
Maternal history of mental disease, n (%)
Maternal history of developmental disorder, n (%)
Maternal history of epilepsy, n (%)
Partner’s history of mental disease, n (%)
Partner’s history of developmental disorder, n (%)
Partner’s history of epilepsy, n (%)
Parity, n (%)
Primiparous
Multiparous
Means of pregnancy for current birth, n (%)
Spontaneous
Ovulation induction through medication
Artiﬁcial insemination or in vitro fertilization
Maternal use of folic acid supplements, n (%)
Diabetes mellitus/gestational diabetes mellitus, n (%)
Hypertensive disorder of pregnancy, n (%)
Intrauterine growth retardation, n (%)

31,797
31 (28, 35)

8,288
31 (28, 34)

7,854
31 (28, 35)

7,743
31 (28, 35)

7,912
32 (28, 35)

23,416 (73.6)
8,379 (26.4)
20.5 (19.1, 22.5)

6,320 (76.3)
1,968 (23.7)
20.2 (18.9, 21.9)

5,850 (74.5)
2,004 (25.5)
20.5 (19.1, 22.4)

5,655 (73.1)
2,086 (26.9)
20.7 (19.2, 22.8)

5,591 (70.7)
2,321 (29.3)
20.8 (19.3, 23.0)

4,975 (15.6)
23,527 (74.0)
2,573 (8.1)
720 (2.3)
10.2 (8.0, 12.6)

1,538 (18.6)
6,125 (73.9)
489 (5.9)
135 (1.6)
10.2 (8.0, 12.6)

1,249 (15.9)
5,830 (74.2)
606 (7.7)
168 (2.1)
10.2 (8.0, 12.6)

1,133 (14.6)
5,740 (74.1)
678 (8.8)
192 (2.5)
10.2 (8.0, 12.6)

1,055 (13.3)
5,832 (73.7)
800 (10.1)
225 (2.8)
10.2 (8.0, 12.6)

Q1 ( 175 mg/dL) Q2 (176–196 mg/dL) Q3 (197–219 mg/dL) Q4 ( 220 mg/dL)
< 0.001 *
< 0.001

< 0.001 *
< 0.001
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1,678 (1,366, 2,083) 1,664 (1,353, 2,073) 1,673 (1,369, 2,073) 1,681 (1,359, 2,080) 1,698 (1,379, 2,106) 0.007 *
1,602 (1,366, 1,989) 1,612 (1,306, 1,995) 1,592 (1,301, 1,984) 1,616 (1,309, 2,004) 1,593 (1,298, 1,974) 0.18 *
0.054
1,066 (3.4)
291 (3.5)
240 (3.1)
270 (3.5)
265 (3.4)
9,438 (29.9)
2,369 (28.8)
2,349 (30.1)
2,296 (29.9)
2,424 (30.9)
13,756 (43.6)
3,659 (44.4)
3,340 (42.8)
3,354 (43.7)
3,403 (43.4)
7,293 (23.1)
1,913 (23.2)
1,870 (24.0)
1,758 (24.1)
1,752 (22.3)
0.75
11,480 (38.5)
3,038 (38.6)
2,796 (38.0)
2,792 (38.4)
2,854 (38.7)
15,107 (50.7)
3,924 (50.2)
3,781 (51.4)
3,659 (50.4)
3,743 (50.7)
3,273 (10.9)
854 (10.9)
782 (10.6)
814 (11.2)
787 (10.7)
1,043 (3.3)
330 (4.0)
252 (3.2)
225 (2.9)
236 (3.0)
< 0.001
13,166 (42.0)
3,403 (41.7)
3,318 (42.8)
3,261 (42.8)
3,184 (40.9)
0.045
566 (1.8)
161 (2.0)
145 (1.9)
143 (1.9)
117 (1.5)
0.13
1,634 (5.2)
392 (4.7)
418 (5.3)
366 (4.7)
458 (5.8)
0.004
16 (0.1)
3 (0.0)
5 (0.1)
4 (0.1)
4 (0.1)
0.89
161 (0.5)
38 (0.5)
45 (0.6)
35 (0.5)
43 (0.5)
0.63
775 (2.5)
185 (2.3)
184 (2.4)
202 (2.6)
204 (2.6)
0.34
22 (0.1)
8 (0.1)
2 (0.0)
4 (0.1)
8 (0.1)
0.21
124 (0.4)
45 (0.5)
26 (0.3)
29 (0.4)
24 (0.3)
0.064
< 0.001
13,814 (44.5)
3,827 (47.6)
3,509, (45.7)
3,334 (44.1)
3,144 (40.6)
17,202 (55.5)
4,211 (52.4)
4,164 (54.3)
4,220 (55.9)
4,607 (59.4)
< 0.001
29,514 (93.2)
7,760 (94.0)
7,311 (93.4)
7,175 (93.0)
7,268 (92.3)
853 (2.7)
211 (2.6)
224 (2.9)
205 (2.7)
213 (2.7)
1,316 (4.1)
288 (3.5)
296 (3.8)
336 (4.4)
396 (5.0)
731 (2.3)
176 (2.1)
174 (2.2)
178 (2.3)
203 (2.6)
0.27
894 (2.8)
197 (2.4)
200 (2.5)
231 (3.0)
266 (3.4)
< 0.001
843 (2.7)
217 (2.6)
217 (2.8)
207 (2.7)
202 (2.6)
0.87
529 (1.7)
167 (2.0)
136 (1.7)
122 (1.6)
104 (1.3)
0.005
(continued on next page)
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Table 1 (continued)
Variable

All

Maternal serum TC level quartile

P value

Q1 ( 175 mg/dL) Q2 (176–196 mg/dL) Q3 (197–219 mg/dL) Q4 ( 220 mg/dL)
4,681 (56.6)
1,690 (20.4)
545 (6.6)
1,360 (16.4)
39 (38, 40)
3,018 (2,798, 3,270)

4,555 (58.1)
1,441 (18.4)
546 (7.0)
1.302 (16.6)
39 (38, 40)
3,046 (2,820, 3,290)

4,534 (58.6)
1,352 (17.5)
504 (6.5)
1,345 (17.4)
39 (38, 40)
3,060 (2,830, 3,300)

486 (5.9)
7,742 (93.4)
59 (0.7)
4,249 (51.3)

407 (5.2)
7,394 (94.2)
51 (0.6)
3,935 (50.1)

355 (4.6)
7,329 (94.7)
59 (0.8)
3,842 (49.6)

4,683 (56.5)
3,316 (40.0)
241 (2.9)
48 (0.6)
1,152 (14.1)
16.9 (16.1, 17.9)
2,847 (34.4)

4,400 (56.1)
3,149 (40.1)
241 (3.1)
64 (0.8)
1,087 (14.0)
17.0 (16.1, 17.9)
2,764 (35.2)

4,133 (53.4)
3.301 (42.6)
253 (3.3)
56 (0.7)
1,064 (13.8)
17.0 (16.2, 17.9)
2,739 (35.4)

1,582 (19.1)
731 (8.8)
320 (3.9)
163 (2.0)
51 (0.6)

1,567 (20.0)
677 (8.6)
331 (4.2)
136 (1.7)
53 (0.7)

1,551 (20.0)
652 (8.4)
333 (4.3)
154 (2.0)
49 (0.6)

< 0.001
4,620 (58.5)
1,371 (17.4)
507 (6.4)
1,402 (17.7)
39 (38, 40)
< 0.001 *
3,078 (2,846, 3,324) < 0.001 *
< 0.001
361 (4.6)
7,461 (94.3)
88 (1.1)
3,922 (49.6)
0.11
< 0.001
4,199 (53.1)
3,378 (42.7)
282 (3.6)
53 (0.7)
906 (11.6)
< 0.001
17.0 (16.1, 18.0)
0.089 *
2,916 (36.9)
0.010
0.19
1,612 (20.4)
741 (9.4)
35 (4.5)
147 (1.9)
61 (0.8)

TC, total cholesterol; BMI, body mass index; ASQ-3, Ages and Stages Questionnaire, third edition.
Continuous variables are expressed as the median (interquartile range).
* Kruskal–Wallis test among TC level categories.
Data were missing on maternal age (n = 2), pre-pregnancy BMI (n = 2), maternal education level (n = 244), household income (n = 1,973), maternal smoking habit (n = 304), partner’s smoking
habit (n = 470), maternal drinking habit (n = 267), maternal history of neurodevelopmental disorders (n = 69), partner’s history of neurodevelopmental disorders (n = 357), parity (n = 781), mode
of delivery (n = 42), birth weight (n = 5), and neonatal jaundice (n = 283).

N. Motoki et al. / Brain & Development 44 (2022) 520–530

Mode of delivery for current birth, n (%)
Spontaneous delivery
18,390 (57.9)
Induced delivery
5,854 (18.4)
Vacuum extraction/Forceps delivery
2,102 (6.6)
Cesarean section
5,409 (17.0)
Gestational age (weeks)
39 (38, 40)
Birth weight (g)
3,050 (2,820, 3,294)
Birth weight categories, n (%)
< 2500 g
1,609 (5.1)
2500 to 3999 g
29,926 (94.1)
 4000 g
257 (0.8)
Gender (male), n (%)
15,948 (50.2)
Method of feeding, n (%)
Breast feeding
17,415 (54.8)
Mixed feeding
13,144 (41.3)
Infant formula
1,017 (3.2)
Other
221 (0.7)
Neonatal jaundice, n (%)
4,209 (13.4)
Kaup index at 12 months of age
17.0 (16.1, 17.9)
Positive ASQ-3 screen  1 domain, n (%)
11,266 (35.4)
Total number of screen positive domains in ASQ-3 at 12 months of age, n (%)
1 domain
6,312 (19.9)
2 domains
2,801 (8.8)
3 domains
1,339 (4.2)
4 domains
600 (1.9)
5 domains
214 (0.7)
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when unsure of how to respond or if they had concerns
about their child’s performance. ASQ-3 scores were not
calculated for domains with 3 or more omitted items. In
the case of 1 or 2 omitted items, an adjusted total
domain score was calculated by adding the averaged
item score either once for a single omission or twice
for 2 omissions. The scores calculated for each domain
were classiﬁed as normal development (above the cutoﬀ, i.e., on track) or referral zone (less than 2 standard
deviations below the mean). The manual for the original
ASQ recommends that a child be considered ‘‘screen
positive” if his/her score falls below the referral cut-oﬀ
in any 1 of the 5 domains [27].
2.4. Covariates
Maternal serum TC levels were divided into four
quartile levels. The range of each quartile was as follows: ﬁrst quartile (Q1)  175 mg/dL, second quartile
(Q2) = 176–196 mg/dL, third quartile (Q3) = 197–219
mg/dL, and fourth quartile (Q4)  220 mg/dL.
The covariates in our models were selected a priori
based on previously published literature [6–8,29–32]
and biologic plausibility. Maternal pre-pregnancy BMI
was calculated using the mothers’ height and
pre-pregnancy weight as listed in medical records and
classiﬁed as underweight (<18.5 kg/m2), normal weight
(18.5–24.9), overweight (25.0–29.9), or obese (30.0)
[33]. Gestational weight gain (GWG) was categorized
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as below, within, or above reference values based on
the guidelines of the Institute of Medicine (now known
as the National Academy of Medicine) of 2009 [34].
Demographic covariates included maternal age, parental
smoking habit, maternal alcohol consumption, socioeconomic status, and parental history of neurodevelopmental disorders, epilepsy, and mental disease.
Socioeconomic status was evaluated by the highest level
of education completed by the mother (junior high
school, high school, vocational school/junior college,
or university/graduate school) and annual household
income
(<4,000,000,
4,000,000–7,999,999,
or
8,000,000 JPY) [35]. Obstetric and medical variables,
such as parity, means of pregnancy, maternal infection
and other complications, and medications during pregnancy, were also evaluated. The history of epilepsy, neurodevelopmental disorders, or mental disease of parents
was obtained from the questionnaire at registration in
early pregnancy (yes or no). Neurodevelopmental disorders included attention deﬁcit and hyperactivity disorder, learning disability, autism, Asperger’s syndrome,
and pervasive developmental disorder. Mental disease
included depression, schizophrenia, and anxiety
disorder.
2.5. Statistical analysis
Distribution normality was conﬁrmed by the Kolmogorov–Smirnov test. Data are expressed as the mean

Table 2
ASQ-3 domain scores at 12 months of age and proportions at risk of delay according to maternal serum TC level quartile in ﬁrst trimester
(n = 31,797).
ASQ-3 domain (cut-oﬀ score)

Communication (15.64 points)
Score (points)
On track, n (%)
Referral, n (%)
Gross motor (21.49 points)
Score (points)
On track, n (%)
Referral, n (%)
Fine motor (34.50 points)
Score (points)
On track, n (%)
Referral, n (%)
Problem solving (27.32 points)
Score (points)
On track, n (%)
Referral, n (%)
Personal-social (21.73 points)
Score (points)
On track, n (%)
Referral, n (%)

Maternal serum TC level quartile

P value

Q1 ( 175 mg/dL)
n = 8,288

Q2 (176–196 mg/dL)
n = 7,854

Q3 (197–219 mg/dL)
n = 7,743

Q4 ( 220 mg/dL)
n = 7,912

38.0 ± 13.2
7,752 (93.5)
536 (6.5)

38.2 ± 13.2
7,357 (93.7)
497 (6.3)

38.4 ± 13.4
7,238 (93.5)
505 (6.5)

38.0 ± 13.5
7,353 (92.9)
559 (7.1)

0.22

43.5 ± 17.1 *
7,211 (87.0)
1,077 (13.0)

43.4 ± 17.1 *
6,839, (87.1)
1,015 (12.9)

43.1 ± 17.1
6,708 (86.6)
1,035 (13.4)

42.5 ± 17.7
6,744 (85.2)
1,168 (14.8)

0.001

48.5 ± 11.3
7,507 (90.6)
781 (9.4)

48.5 ± 11.2
7,093 (90.3)
761 (9.7)

48.6 ± 11.2
7,023 (90.7)
720 (9.3)

48.3 ± 11.4
7,122 (90.0)
790 (10.0)

0.59

42.7 ± 13.2
7,098 (85.6)
1,190 (14.4)

42.5 ± 13.4
6,646 (84.6)
1,208 (15.4)

42.8 ± 13.4
6,565 (84.8)
1,178 (15.2)

42.5 ± 13.4
6,701 (84.7)
1,211 (15.3)

0.38

37.6 ± 14.2
6,961 (84.0)
1,327 (16.0)

37.6 ± 14.3
6,612 (84.2)
1,242 (15.8)

37.5 ± 14.4
6,466 (83.5)
1,277 (16.5)

37.3 ± 14.4
6,588 (83.3)
1,324 (16.7)

0.26

0.002

0.47

0.23
0.48
0.37

ASQ-3, Ages and Stages Questionnaire, third edition; TC, total cholesterol. Plus-minus variables are the mean ± standard deviation.
Diﬀerences in scores of ASQ-3 domains were assessed with one-way repeated measures of variance followed by post hoc (Bonferroni) testing.
* P < 0.01 versus the Q4 group.
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(standard deviation [SD]) or the median (interquartile
range [IQR]) depending on whether they are normally
distributed or not, respectively. We adopted multiple
logistic regression models to investigate developmental
disorder at 1 year as the dependent variable in association with maternal TC level in early pregnancy. Infants
below and above the cut-oﬀ for each domain were
judged as ‘‘screen positive” and ‘‘normal development”,
respectively. Maternal TC level was subdivided as low,
normal (reference), or high. Possible diﬀerences in the
scores of each domain among the TC level groups were
evaluated by one-way repeated measures of analysis of
variance (ANOVA) followed by post hoc (Bonferroni)
testing. We adopted logistic regression models to calculate adjusted odds ratios (aORs) and their 95% conﬁdence intervals (CIs) while controlling for covariates,
as described above. We excluded participants with missing information on any of the covariates used in the
multiple logistic regression analysis. Spearman’s rank
correlation coeﬃcient was used to check for multicollinearity of covariates. Hosmer–Lemeshow testing
was employed to assess the goodness-of-ﬁt of the models. We also analyzed the subjects with incomplete
ASQ-3 questionnaires as well as those without registered
fathers to evaluate for possible selection bias. All statistical analyses were performed using SPSS statistical software version 24 (SPSS Inc., Chicago, Illinois). A P value
of <0.05 was considered statistically signiﬁcant.
3. Results
The characteristics regarding maternal biography,
socioeconomic background, parents’ past medication
records, pregnancy and delivery history, feeding procedures, and perinatal records of the children are summarized according to maternal quartile serum TC levels in
Table 1. There were signiﬁcant diﬀerences among the
quartile TC levels for maternal age, pre-pregnancy
BMI, calorie intake in the ﬁrst trimester, parental smoking habits, maternal history of mental disease, parity,
means of pregnancy, diabetes mellitus, intrauterine
growth retardation, mode of delivery, gestational age,
birth weight, feeding procedure, and neonatal jaundice
(all P < 0.05) (Table 1). Regarding the index of maternal
and child physique, signiﬁcant but weak correlations for
maternal serum TC levels with maternal pre-pregnancy
BMI (P < 0.001, r = 0.102) as well as with their child’s
physical growth (Kaup’s index) at 12 months of age
(P = 0.011, r = 0.016) were detected (Supplementary
Fig. S1A and S1B). There were 11,266 screen positive
participants (35.4%) who were outliers in at least 1
ASQ-3 domain (Table 1). We observed a signiﬁcant difference among the maternal TC quartiles for the frequency of screen positives (P = 0.010). This incidence
was greatest in the highest quartile (36.9% in the Q4
group).

The ASQ-3 domain classiﬁcations and proportions
that were scored as a risk of referral zone at 12 months
by maternal TC level are shown in Table 2. In chi-square
analysis, there was a signiﬁcant diﬀerence in the prevalence of referral zone in the gross motor domain among
the maternal TC level groups. The distribution of prevalence in the referral zone for the communication domain
was similar to that for the gross motor domain,
although no signiﬁcant diﬀerence was observed
(P = 0.26). ANOVA showed that the score for the gross
motor domain was signiﬁcantly lower in the highest TC
group (Q4) than in the Q1 and Q2 groups (both
P < 0.01).
In multiple logistic regression analysis after adjustment for covariates, higher maternal serum TC levels
were signiﬁcantly associated with an increased risk of
screen positive in the communication (aOR for Q4
serum TC level vs. Q1 1.20, 95% CI 1.05–1.37; P for
trend = 0.010) and gross motor (aOR for Q4 serum
TC level vs. Q1 1.13, 95% CI 1.03–1.25; P for
trend = 0.014) ASQ-3 domains (Table 3).
Lastly, we evaluated the characteristics of 9,053 participants with missing ASQ-3 data (Supplementary
Table S1) and 47,692 participants without registered
fathers (Supplementary Table S2) to test for selection
bias. Signiﬁcant diﬀerences were detected for several
maternal as well as oﬀspring characteristics in both analyses. Moreover, participants with missing ASQ-3 data
or without father registration showed signiﬁcantly
higher maternal TC levels (P = 0.001 and P < 0.001,
respectively) (Supplementary Tables S1 and S2). Finally,
the 38,160 participants with TC data were divided into
those who were analyzed (n = 31,797) and those who
were excluded by the exclusion criteria (n = 6,363).
The distribution of maternal TC values was similar
(Supplemental Fig. S2).
4. Discussion
We herein describe the ﬁrst large-scale nationwide
birth cohort study in Japan to determine the relationship of maternal TC in early pregnancy with oﬀspring
development. Our results indicate that maternal hypercholesterolemia may increase the risk of a screen positive
ASQ-3 result at 12 months and oﬀer a way to detect children who should be referred for further assessment.
Maternal cholesterol levels are physiologically elevated during early gestation, but it remains controversial whether maternal hypercholesterolemia can induce
unfavorable eﬀects on the fetus and pregnancy outcome
[36,37]. However, high maternal TC levels during pregnancy have been linked to increased risks of preterm
delivery, gestational diabetes, and preeclampsia [38–
40]. Kaneko et al. [41] also demonstrated that higher
maternal TC in mid-pregnancy was signiﬁcantly associated with the development of large for gestational age
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Table 3
Odds ratio and 95% conﬁdence intervals for the association between maternal serum TC level quartile in ﬁrst trimester and screen positive in ASQ-3
domains (n = 27,836).
ASQ-3 domain

Communication
Crude OR (95% CI)
Adjusted* OR (95% CI)
Gross motor
Crude OR (95% CI)
Adjusted* OR (95% CI)
Fine motor
Crude OR (95% CI)
Adjusted* OR (95% CI)
Problem solving
Crude OR (95% CI)
Adjusted* OR (95% CI)
Personal-social
Crude OR (95% CI)
Adjusted* OR (95% CI)

Maternal serum TC level quartile

P for trend

Q1 ( 175 mg/dL)

Q2 (176–196 mg/dL)

Q3 (197–219 mg/dL)

Q4 ( 220 mg/dL)

1.00 (Reference)
1.00 (Reference)

0.99 (0.87–1.13)
1.01 (0.88–1.16)

0.90 (0.90–1.16)
1.03 (0.90–1.08)

1.14 (1.01–1.29)
1.20 (1.05–1.37)

0.040
0.010

1.00 (Reference)
1.00 (Reference)

1.01 (0.92–1.11)
0.98 (0.89–1.09)

1.05 (0.95–1.15)
1.00 (0.91–1.11)

1.18 (1.08–1.29)
1.13 (1.03–1.25)

< 0.001
0.014

1.00 (Reference)
1.00 (Reference)

1.04 (0.94–1.16)
1.08 (0.96–1.21)

1.00 (0.90–1.12)
0.99 (0.89–1.12)

1.10 (0.99–1.23)
1.09 (0.97–1.22)

0.14
0.38

1.00 (Reference)
1.00 (Reference)

1.09 (0.99–1.19)
1.10 (0.99–1.21)

1.08 (0.98–1.18)
1.07 (0.97–1.18)

1.11 (1.01–1.21)
1.09 (0.99–1.21)

0.035
0.14

1.00 (Reference)
1.00 (Reference)

1.00 (0.92–1.09)
0.99 (0.90–1.09)

1.05 (0.96–1.14)
1.01 (0.92–1.10)

1.09 (0.99–1.18)
1.06 (0.96–1.16)

0.034
0.24

ASQ-3, Ages and Stages Questionnaire, third edition; TC, total cholesterol; OR, odds ratio; CI, conﬁdence interval. *Adjusted for maternal age, prepregnancy body mass index, parental smoking habit, maternal drinking habit, maternal highest level of education, annual household income,
parental history of developmental disorders, epilepsy, and mental disease, means of pregnancy, use of folic acid supplements, maternal gestational
weight gain, complications during pregnancy (including diabetes mellitus/gestational diabetes mellitus and hypertensive disorder of pregnancy),
intrauterine growth restriction, gender, birth weight, method of feeding, and neonatal jaundice.

among Japanese mothers in a JECS cohort. However,
the long-term outcome of oﬀspring of mothers with
hypercholesterolemia during pregnancy is still
unknown.
It is uncertain why maternal hypercholesterolemia
may aﬀect oﬀspring neurodevelopment. Among lipids,
cholesterol plays a key role in embryo and fetal development as an essential component of cell membrane, and is
also associated with cell proliferation, cell diﬀerentiation, and cell-to-cell communication in the embryo and
fetus [14–17]. Cholesterol is also contained in neuronal
myelin membranes at a level as high as 26% by weight
and is known to be important for myelin production
and maintenance during brain maturation [18]. Excess
energy intake and insuﬃcient energy expenditure are
linked to an increased prevalence of dyslipidemia [42].
Several animal models have revealed relationships
between a maternal high-fat diet and oﬀspring neurodevelopment, whereby high-fat diet exposure during the
perinatal period induced such mental disorders as anxiety behavior [43–45] and spatial cognitive function [46].
Maternal obesity has been associated with neurodevelopmental disorders, such as attention-deﬁcit/hyperactiv
ity disorder [47] and autism spectrum disorder [48].
However, the above studies used extremely high-fat diets
for animals or did not measure serum TC levels among
obese mothers. Further validation of the current investigation is desired.
It is important to ascertain whether neurodevelopmental evaluations at 12 months are clinically valid for
subsequent diagnosis. In one study longitudinally

comparing child ASQ-3 domain screening results based
on cut-oﬀ scores, the vast majority (88.9–96.7%)
received the same categorization results at 9, 18, and
24 months of age [49]. Other reports have provided evidence on the concurrent validity of the ASQ-3 and clinical diagnosis of developmental disorders, as well as on
the reliability of the ASQ-3 in a multi-ethnic population
[50–52]. The number of children who tested screen positive (i.e., failed at least 1 of the 5 domains) in this investigation was high at 35.4%. The majority of screenpositive children in the present study had a failure in 1
domain. One study evaluating the validity of the ASQ3 in Japan suggested a revised deﬁcit criterion of failure
in at least 2 domains [28]. In addition, it was revealed
that only communication and gross motor among the
5 domains were associated with maternal hypercholesterolemia in this study. They also reported that for the
communication, the gross motor and personal-social
domains of the 12 months questionnaire, the Japanese
ASQ-3 cutoﬀ score was lower than original ASQ-3 cutoﬀ score by more than 10 points [28]. Compared with
US children, Japanese children acquire the several skills
including communication and gross motor skills
>2 months later. The diﬀerences in score distribution
between the Japanese and original ASQ-3 results found
might reﬂect diﬀerences of lifestyle and culture, rather
than a lack of validity. Although the results of this investigation could have been overestimated, analysis by TC
quartile categories showed a dose–response pattern in 2
domains. Fetal exposure to hypercholesterolemia may
have adversely aﬀected neurodevelopment and
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age-appropriate skill acquisition in the highest quartile
group; the cohort will be followed until 13 years of
age to verify this possibility.
A strength of this report was that both maternal and
paternal history of neurodevelopmental problems were
adjusted for as covariates. Indeed, genetic inﬂuences
may outweigh those of a shared environment on the
incidence of neurodevelopmental disorders [30,31]. Since
selection bias might have been created by excluding participants without father registration, we performed an
additional sub-analysis on the group without registered
fathers to rule this possibility out.
This study had several limitations. First, the developmental score data measured by the ASQ-3 were selfreported and therefore subjective, and the diagnosis
and severity of any potential developmental disorder
could not be veriﬁed. Second, the data on neurodevelopment were collected between 1 month before and
1 month after 12 months of age; therefore, any disorders
diagnosed afterwards were not considered. Third, the
large attrition rate of unpaired participants or those
not fully completing the ASQ-3 questionnaire might
have been a source of selection bias (Supplementary
Tables S1, S2). Thus, we could not conclusively discount
the possibility of under-reporting the incidence of developmental disorders. Fourth, since the parental history of
neurodevelopmental disorders, epilepsy, and mental disease were also obtained from self-reported questionnaires, those results might not have conformed to
established diagnostic criteria or ICD coding. Another
limitation was the non-fasting blood sampling in this
study. Although cholesterol level is less aﬀected by diet
than that of TG, the maximum mean changes are
reportedly +0.3 mmol/L (26 mg/dL) for TG and
0.2 mmol/L (8 mg/dL) for TC in non-fasting versus
fasting blood samples [53]. Hence, there was a possibility
that cholesterol values were slightly underestimated.
Despite the above limitations, this is the ﬁrst study
employing a large dataset from a Japanese nationwide
birth cohort study to analyze the inﬂuence of maternal
TC on apparently normal-born children after controlling for confounders identiﬁed by earlier reports. It provides important information on a possible adverse eﬀect
of maternal hypercholesterolemia on oﬀspring neurodevelopment, particularly communication and gross
motor ability, to suggest dietary consultation and monitoring for Japanese women desiring pregnancy.
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Lasunció MA. Cholesterol starvation decreases p34 (cdc2) kinase
activity and arrests the cell cycle at G2. FASEB J
1999;13:1359–70.
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