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Abstract 

Background  Interpregnancy interval (IPI) is associated with a variety of adverse maternal and infant outcomes. 
However, reports of its associations with early infant neurodevelopment are limited and the mechanisms of this asso-
ciation have not been elucidated. Maternal–fetal glucose metabolism has been shown to be associated with infant 
neurodevelopmental. The objective of this study was to determine whether this metabolism plays a role in the rela-
tionship between IPI and neurodevelopment.

Methods  This prospective birth cohort study included 2599 mother-infant pairs. The IPI was calculated by subtract-
ing the gestational age of the current pregnancy from the interval at the end of the previous pregnancy. Neurodevel-
opmental outcomes at 12 months in infants were assessed by the Ages and Stages Questionnaire Edition 3 (ASQ-3). 
Maternal fasting venous blood was collected at 24–28 weeks and cord blood was collected at delivery. The associa-
tion between IPI and neurodevelopment was determined by logistic regression. Mediation and sensitivity analyses 
were also conducted.

Results  In our cohort, 14.0% had an IPI < 12 months. IPI < 12 months increased the failure of the communication 
domain, fine motor domain, and personal social domain of the ASQ (relative risks (RRs) with 95% confidence interval 
(CI): 1.73 [1.11,2.70]; 1.73 [1.10,2.72]; 1.51 [1.00,2.29]). Maternal homeostasis model assessment of insulin resistance 
(HOMA-IR) and cord blood C-peptide was significantly associated with failure in the communication domain [RRs 
with 95% CI: 1.15 (1.02, 1.31); 2.15 (1.26, 3.67)]. The proportion of the association between IPI and failure of the com-
munication domain risk mediated by maternal HOMA-IR and cord blood C-peptide was 14.4%.

Conclusions  IPI < 12 months was associated with failing the communication domain in infants. Maternal–fetal glu-
cose metabolism abnormality may partially explain the risk of neurodevelopmental delay caused by short IPI.
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Background
Interpregnancy interval (IPI, the length of time between 
pregnancies) is a potentially modifiable risk factor that 
has been reported to have an effect on pregnancy and 
child development [1, 2]. In China, the proportion of 
births with a short IPI is increasing, owing to the more 
frequent delay in childbearing age and the introduction 
of a three-child family planning policy [3, 4]. A short IPI 
has been reported to increase the risk of mental illness 
in offspring [2, 5]. Similar studies have been conducted 
in patients with schizophrenia [6]. However, most previ-
ous studies have concentrated on Autism spectrum dis-
order (ASD) and did not extend their analysis to other 
general neurodevelopmental disorders. Neurodevel-
opmental delays are thought to be caused by a complex 
combination of factors. These factors include genetics, 
the environment, prenatal and perinatal conditions, and 
the postnatal environment [7]. In less than half of chil-
dren, with developmental delays, these were detected 
before school entry, with the vast majority of children not 
receiving any intervention in the early pre-school years 
[8]. Therefore, an improved early screening for neurode-
velopmental delays will provide useful interventions and 
support before admission to school. The Ages and Stages 
Questionnaire (ASQ) is an age-specific, structured, par-
ent-reported developmental screening test for children 
aged between 1 and 66  months of age [8]. The ASQ-3 
has been validated in many countries due to its ease of 
administration, short completion time, easy interpreta-
tion, and the ability to dramatically improve the clinical 
identification of children with suspected developmental 
delays [9, 10]. However, few studies have examined the 
relationship between a short IPI and early developmental 
delay.

Currently, the mechanisms by which a short IPI affects 
neurodevelopment in infants remain unclear. Nutrient 
depletion, persistent maternal inflammation, increased 
maternal psychological stress, gestational diabetes, and 
obesity are more likely to occur after a short IPI [2, 11]. 
Clinical studies have shown that these maternal meta-
bolic conditions are associated with insulin resistance, 
high levels of C-peptides, and altered glucose metabo-
lism in infants [12, 13]. Insulin resistance and cerebral 
glucose metabolism have received considerable atten-
tion as factors involved in the pathogenesis of cognitive 
impairment. Insulin crosses the blood–brain barrier 
and interacts with receptors located in brain regions of 
the brain involved in the regulation of energy balance 
and glucose metabolism, as well as in the modulation of 
learning and memory [14]. Maternal insulin resistance 
causes fetal hyperinsulinemia (cord-blood serum C-pep-
tide levels above the 90th percentile) and hypoglycemia 
[15]. Epidemiological and animal studies have shown that 

fetal hyperinsulinemia and hypoglycemia are significantly 
associated with an increased risk of neurodevelopmental 
disorders such as ASD [16, 17]. Therefore, we hypoth-
esized that maternal–fetal glucose metabolism disorders 
may be linked with short IPI and neurodevelopment in 
infants.

In this prospective birth cohort study, our objec-
tive was to investigate the association between IPI and 
early neurodevelopment in infants and to extend previ-
ous studies by controlling for additional potential con-
founders. Furthermore, we examined the hypothesis that 
maternal–fetal glucose metabolism disorders mediate the 
association between a short IPI and neurodevelopmental.

Methods
Study design and participants
We recruited 5731 pregnant women from Anhui Women 
and Child Health Care Hospital, the First People’s Hospi-
tal of Hefei City, and the First Affiliated Hospital of Anhui 
Medical University, aged 18 to 45 years, with gestational 
ages between 16 to 23  weeks, living in Hefei (situated 
in the eastern part of China, in the Anhui Province), 
speaking Chinese, and with pregnancy experience. This 
was a population-based, prospective birth cohort study, 
and survey process for this cohort has been previously 
described in detail [18]. This study aimed to evaluate the 
relationship between metabolism during pregnancy and 
the growth and neurodevelopment in infants from March 
2018 to July 2022. The study’s exclusion criteria included 
communication difficulties, previous pregnancy ending 
in stillbirth, previous birth defect, abnormal liver, kidney, 
or thyroid function, and missing blood samples. Finally, 
we collected complete data from 5128 pregnant women.

The study conducted four main surveys, with the first 
administered at 16–23  weeks of gestation. Participants 
completed a structured questionnaire covering sociode-
mographic characteristics, perinatal health status, diet, 
and lifestyle through face-to-face interviews. The second 
survey was administered at 24–28  weeks of gestation, 
when a specialized nurse collected fasting venous blood 
samples from pregnant women and obtained blood glu-
cose and insulin levels from the electronic medical sys-
tem. The third survey was administered at the time of 
delivery, when the basic characteristics of the newborn 
(sex, gestational age, date of birth, weight, and mode of 
delivery) were obtained from electronic medical records, 
and cord blood was collected by a professional nurse. 
The final survey was administered at the follow-up of the 
mother, when the child was 12  months old. Finally, the 
ASQ-3 at 12 months postpartum was obtained for 2599 
mother-infant pairs. Details of the recruitment of preg-
nant women are shown in Fig. S1.
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Determination of interpregnancy interval
The IPI was calculated by subtracting the gestational age 
of the current pregnancy from the interval at the end of 
the previous pregnancy. Currently, the definition of a 
short IPI is inconsistent in the available literature. It has 
been defined in different studies as < 6 to 36  months of 
age. However, two studies found that an IPI < 12 months 
was associated with the highest risk of poor neurodevel-
opment [19, 20], therefore, the present study focused on 
the results of studies with an IPI of less than 12 months.

Measurement of HOMA‑IR and cord blood markers
Fasting venous blood was drawn from each pregnant 
woman at 24–28 weeks of gestation to perform a stand-
ard 75 g oral glucose tolerance test (OGTT), and plasma 
glucose levels were measured at 0, 60, and 120 min. Fast-
ing blood glucose and insulin levels of pregnant women 
were obtained from the hospital’s electronic medical 
record system. Homeostasis model assessment of insulin 
resistance (HOMA-IR) was calculated using the equation 
HOMA-IR = fasting insulin (µU/mL) × fasting plasma 
glucose (mmol/L)/22.5 [21]. Cord blood was collected at 
delivery to detect metabolic markers, including C-pep-
tide levels, which were measured using an electrochemi-
cal luminescence detection kit (Roche E601; Sandhofer, 
Mannheim, Germany), according to the manufacturer’s 
instructions. The intra- and inter-subject coefficients of 
variation were < 10%.

Neurodevelopment screening
The ASQ-3 is a vital instrument for screening infants for 
the risk of early developmental delays. The ASQ-3 sur-
veys five developmental skill domains: communication, 
gross motor, fine motor, problem-solving, and personal-
social skills [10]. The parent or caregiver completed the 
ASQ-3 questionnaire screening when the infant was 
12  months old. Each dimension had six questions, with 
possible responses: “yes” (ten points) if the child per-
formed the behavior, “sometimes” (5 points) indicated 
that the skill was emerging, and “not yet” (0 points) 
indicated that the child was not yet able to perform the 
specific activity. Six problem scores were added for each 
dimension, and each dimension’s score reflected the 
child’s ability in that dimension. Abnormal ASQ-3 out-
comes were described as 2 standard deviations (SDs) 
below the mean score [13].

We generated a broader outcome variable based on the 
number of areas in which the child demonstrated risk of 
neurodevelopmental delay, using data from the ASQ-3 to 
boost statistical power, which was defined as follows: (1) 
delay in communication development (score ≤ 2 SD for 
age on the ASQ-3 communication domain); (2) delay in 

motor development (score ≤ 2 SD for age on the ASQ-3 
fine motor domain), and (3) delay in social develop-
ment (score ≤ 2 SD for age on the ASQ-3 personal-social 
domain). Hence, this variable the captured a delay in all 
3 domains (scored as 3), with a delay in any 2 (scored as 
2), a delay in any 1 (scored as 1), and no delay in any area 
(scored as 0) [22].

Potential covariates
The covariates included perinatal parental factors and 
infant characteristics. Perinatal parental factors included 
maternal age (≥ 30 or < 30  years), education level (≥ 12 
or < 12  years of completed schooling), income (≥ 4000 
or < 4000 RMB/month) [23] (at March 2018, the exchange 
rate for 4000 RMB was approximately 635 USD), parity 
(< 3 or ≥ 3 children), prepregnancy overweight/obesity 
(body mass index [BMI] ≥ or BMI < 24; BMI was calcu-
lated as weight (kg)/height (m)2], folic acid supplemen-
tation (yes or no), anemia during pregnancy (yes or no), 
systolic blood pressure (SBP, mmHg); diastolic blood 
pressure (DBP, mmHg), gestational diabetes mellitus (yes 
or no), depression during pregnancy (yes or no), and the 
frequency of moderate physical exercise in the past three 
months prior were evaluated using the International 
Physical Activity Questionnaire (< 3 and ≥ 3 days/week of 
not less than 10 min per day) [24]. Infant factors include 
sex (male and female), mode of delivery (vaginal deliv-
ery or cesarean section), birth weight (g), and gestational 
week at birth (≥ 37 or < 37 weeks).

Furthermore, we further controlled for postnatal fac-
tors that may affect neurodevelopment in infants [7], 
which were obtained through follow-up questionnaires at 
6 and 12 months. These included postpartum depression 
(yes or no), the number of siblings (< 2 or ≥ 2), the dura-
tion of exclusive breastfeeding (< 6 or > 6 months), feed-
ing difficulties (yes or no), poor sleeping in infants (yes 
or no), fever in infants ≥ 38.5 °C (yes or no), and parents 
as the primary caregivers (yes or no). The parental feed-
ing questionnaire at 6  months consisted of 23 items, of 
which 21 items had response options of “Never,” “Occa-
sionally,” “Sometimes,” or “Often,” with scores of 4, 3, 2, 
and 1 respectively), with higher scores indicating more 
frequent behavior; two items had response options of 
“yes/no” (for the evaluation of feeding in children aged 
2 to 3 years). A score of > 34 (> P75) on the questionnaire 
was considered indicating feeding difficulty [25]. The cri-
teria used to define poor sleepers on the basis of the Brief 
Infant Sleep Questionnaire (BISQ) at 6 months measures 
were as follows: (1) the child wakes > 3 times per night; 
(2) nocturnal wakefulness is > 1  h; or (3) the total sleep 
time is < 9 h [26].

Confounders related to IPI and infants’ risk of neurode-
velopmental delays were determined using a directed 
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acyclic graph (DAG) to visualize these relationships (Fig. 
S2).

Statistical analysis
Demographic characteristics and clinical information 
were compared between the different IPI groups, using 
Student’s t test for continuous variables and classified 
variables using χ2 tests. Multiple logistic regression mod-
els were used to estimate the relationship between the IPI 
and neurodevelopmental outcomes. Multiple confounder 
variables were adjusted for in different models. Model 
1 was adjusted for sociodemographic characteristics. 
Model 2 was adjusted for perinatal health status and life-
style. Model 3 was adjusted for the birth outcome. Model 
4 was adjusted for postnatal factors. The relationship 
between HOMA-IR and C-peptide levels was assessed 
by linear regression analysis. The clinical diagnosis of 
fetal hyperinsulinemia was used to create a dichotomous 
variable of cord blood serum C-peptide levels above the 
90th percentile (P90). The relationships between HOMA-
IR, C-peptide levels above P90, and ASQ-3 domains were 
evaluated using regression analysis. All regression mod-
els were adjusted for the variables listed in the covariates 
section. Results are expressed as relative risk (RR) and 
95% confidence interval (CI).

When the outcome of interest was rare (usually defined 
as an incidence < 10%), RR approximated the odds ratio 
(OR)/(1 − P0 + P0 × OR) [27], where P0 represented the 
incidence or probability of an outcome in the unexposed 
group. We used this formula to correct the adjusted OR 
obtained from logistic regression analysis and derived an 
estimate of an association or treatment effect that better 
represented the true RR.

A mediation analysis was performed using the SPSS 
PROCESS plug-in. Before testing the mediation, we 
ensured that the criteria for mediation criteria were met, 
namely that the predictor, mediator, and outcome vari-
ables were interrelated. We evaluated the role of maternal 
HOMA-IR and cord blood C-peptide in the association 
between the IPI and the failure of the communication 
domain. For ease of interpretation, we normalized the 
levels of HOMA-IR and cord blood C-level peptides 
using a natural logarithm transformation. Decomposing 
the total effects into direct and indirect paths calculated 
the proportion of total effects mediated by the indirect 
path. These analyses allowed quantification of the total 
effect (the association between IPI and failure in the 
communication domain), a direct effect (the total effect 
without the influence of mediators), and an indirect 
effect (the effect of IPI on failure in the communication 
domain attributable to mediators). The effect sizes for the 
mediation analysis are shown as RR and 95% CI.

Four sensitivity analyses were also performed to test 
the robustness of the findings: (1) we progressively 
adjusted the confounders from Model 1 to Model 4 based 
on the DAG; (2) we analyzed the association of con-
tinuous variables IPIs and more finely categorized IPIs 
with the risk of neurodevelopmental delay; (3) we used 
Poisson regression analysis to validate the association 
between IPI and the risk of neurodevelopmental delay; 
and (4) we used the correlation residual method to exam-
ine whether the observed mediated effect was robust to 
potential confounding by some unmeasured variables. 
Imai et al. proposed a sensitivity analysis for causal medi-
ation based on the correlation between the error for the 
mediation model and the error for the outcome model 
[28]. They denoted this correlation across the two error 
terms as ρ, which served as the sensitivity parameter. 
Such a correlation can arise if there are omitted variables 
that affect both the mediator and outcome variables, 
because these omitted variables will be part of the two 
error terms. Thus, under sequential ignorability, equals 
zero, and non-zero values of ρ imply a departure from 
the ignorability assumption. Imai et al. showed that it is 
possible to express the average causal mediation effect as 
a function of ρ and model parameters that can be con-
sistently estimated even though ρ was non-zero. The total 
effects included the average mediation effect (AME) and 
the average direct effect (ADE).

All analyses were performed using SPSS version 
26.0 software (IBM Corp.) and in R (version 3.5.0; R 
Core Development Team) using the R statistical pack-
ages “ggplot2,” “car,” and “mediation.” All P-values were 
2-tailed, and statistical significance was established at a 
P < 0.05.

Results
Characteristics of the study population are summa-
rized in Table  1. Of the 5128 enrolled participants, 717 
(14.0%) had an IPI of < 12 months. Table 1 shows that the 
short IPI maternal age of IPI was younger (29.27 ± 4.1 vs. 
31.10 ± 3.9, P < 0.001), had a higher DBP (69.58 ± 7.6 vs. 
68.86 ± 7.5, P = 0.017) and longer gestational weeks of 
delivery (39.03 ± 1.2 vs. 38.87 ± 1.4, P = 0.005). The inci-
dence of shorter IPI, income < 4000 RMB/month (76.1% 
vs. 69.3%, P < 0.001), depression during pregnancy (16.5% 
vs. 13.1%, P = 0.015), and postpartum depression (36.9% 
vs. 26.4%, P = 0.008) was higher, whereas the incidence of 
cesarean delivery (33.4% vs. 37.8%, P = 0.042) was lower. 
Infants born to mothers with an IPI < 12  months were 
more inclined to fail in the communication, fine motor, 
and personal-social domains than those with a longer IPI 
(8.8% vs. 4.6%, P = 0.001; 8.0% vs. 4.7%, P = 0.009; 9.9% 
vs. 6.2%, P = 0.008). Regarding other sociodemographic 
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Table 1  Characteristics of the sample (mean ± SD or n (%))

At the March 2018 exchange rate, 4000 RMB ≈ 635 USD

SD standard deviation, RMB Chinese yuan, SBP systolic blood pressure, DBP diastolic blood pressure, FPG fasting plasma glucose, ASQ-3 The Ages and Stages 
Questionnaires Edition 3
a Total number of children is 2599

Interpregnancy interval, months P value

 < 12 (n = 717)  ≥ 12 (n = 4411)

Sociodemographic characteristics
   Maternal age, years 29.27 ± 4.1 31.10 ± 3.9  < 0.001
   Maternal education < 12 years 332 (46.3%) 2037 (46.2%) 0.971

   Income < 4000 RMB/month 543 (75.7%) 3029 (68.7%)  < 0.001
Perinatal health status and lifestyle
   Parity ≥ 3 376 (52.4%) 1939(44.0%)  < 0.001
   Prepregnancy overweight/obesity 170 (23.7%) 959(21.7%) 0.238

   SBP, mmHg 110.90 ± 10.2 110.19 ± 10.0 0.081

   DBP, mmHg 69.58 ± 7.6 68.86 ± 7.5 0.017
   Depression during pregnancy 118 (16.5%) 575 (13.0%) 0.015
   Gestational diabetes mellitus 130 (18.1%) 907 (20.6%) 0.124

   Anemia during pregnancy 252 (35.1%) 1703 (38.6%) 0.117

   FPG, mmol/L 4.54 (4.27–4.84) 4.54 (4.28–4.86) 0.796

   Insulin, IU/L 8.15 (6.10–10.98) 7.80 (5.7–10.4) 0.051

   Vitamin D supplement 358(49.9%) 2384 (54.0%) 0.172

   Folic acid supplement 309(43.1%) 1843 (41.8%) 0.567

   Physical activity < 3 days/week 388(54.1%) 2478 (56.2%) 0.248

Birth outcomes
   Cesarean section 239(33.3%) 1667 (37.8%) 0.042
   Male 397(55.4%) 2337 (53.0%) 0.500

   Gestational week at birth, week 39.03 ± 1.2 38.87 ± 1.4 0.005
   Birth weight, g 3458 ± 450 3431 ± 450 0.179

Postnatal factors
   Postpartum depression 264 (36.8%) 1164 (26.4%) 0.008
   Exclusive breastfeeding > 6 months 574 (80.1%) 3564 (80.8%) 0.849

   Feeding difficulties 154 (21.5%) 782 (17.7%) 0.260

   Poor sleeping in infants 158 (22.0%) 930 (21.1%) 0.768

   Fever in infants ≥ 38.5 °C 384 (53.6%) 2311 (52.4%) 0.890

   Parents as primary caregivers 472 (65.8%) 3013 (68.3%) 0.535

   Number of siblings ≥ 2 286 (39.9%) 1653 (37.5%) 0.762

ASQ-3 at 12 monthsa

   Scores for communication domain 52.6 ± 10.1 54.3 ± 8.2 0.032
   Failure to communication domain 32 (8.8%) 104 (4.6%) 0.001
   Scores for gross motor domain 46.4 ± 13.9 46.1 ± 13.7 0.807

   Failure to gross motor domain 17(4.7%) 102(4.6%) 0.908

   Scores for fine motor domain 51.7 ± 11.3 53.1 ± 9.6 0.058

   Failure to fine motor domain 29 (8.0%) 106 (4.7%) 0.009
   Scores for problem-solving domain 50.8 ± 10.6 50.9 ± 10.4 0.922

   Failure to problem-solving domain 12(3.3%) 67(3.0%) 0.742

   Scores for personal social domain 47.6 ± 12.4 49.3 ± 11.5 0.010
   Failure to personal social domain 36 (9.9%) 138 (6.2%) 0.008
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characteristics, characteristics associated with short IPIs 
were largely similar to those of long IPIs.

The association of confounders with the risk of neu-
rodevelopmental delay and maternal–fetal glucose 
metabolism indicators is shown in Tables S1 and S2. We 
compared the baseline characteristics of the study par-
ticipants and of nonparticipants, and, as shown in Table 
S3, the differences in the baseline characteristics were not 
statistically significant.

IPI and ASQ failure of offspring
This study estimated the relationship between the IPI 
and dichotomous infant neurodevelopmental outcomes 
and between the IPI and the number of delays in the 3 
domains (Table 2). In the adjusted analysis, an IPI shorter 
than 12 months was associated with an increased risk of 
failure of the communication domain [RR with 95% CI: 
1.73 (1.11,2.70)]. An IPI < 12  months was also associ-
ated with an increased risk of failure in the fine motor 
and personal-social domains (RRs with 95% CI: 1.73 
[1.10,2.72] and 1.51 [1.00,2.29], respectively).

After adjustment for confounding effects, the RR 
with 95% CI between IPI and delay in any 1 domain of 
the communication, fine motor, and problem-solving 
domains was 1.50 (1.09,2.06), delay in any 2 domains 
was 2.12 (1.17,3.83), and delay in all 3 domains was 2.38 
(1.17,4.88). Further analysis found that a shorter IPI was 

associated with a higher RR of a higher number of child 
risk of neurodevelopmental delay areas, with a correla-
tion of 1.87 (1.22,2.88).

HOMA‑IR and cord blood C‑peptide with ASQ failure
Maternal HOMA-IR and cord blood C-peptide were 
higher following a short IPI (Fig. S3A, B). Moreover, 
maternal HOMA-IR and cord blood C-peptide levels 
showed a weaker association in mothers with a longer 
IPI, the β-values with 95% CI for the short and long 
IPIs were 0.080 (0.041,0.118) and 0.055 (0.026,0.084), 
respectively (Fig. S3C). There was a positive associa-
tion between maternal HOMA-IR and infant failure 
in the communication domain (RR with 95% CI: 1.15 
[1.02,1.31]) (Fig. 1A). The cord blood C-peptide analysis 
showed a positive relationship between cord blood serum 
C-peptide levels above the 90th percentile and failure of 
the communication domain in infants (RR with 95% CI: 
2.15 [1.26,3.67]) (Fig. 1B).

The role of maternal HOMA-IR and cord blood C-pep-
tide in the association between a short IPI and infant fail-
ure in the communication domain was evaluated using 
a mediation analysis (Fig.  2). The mediation analysis 
showed a direct contribution of a short IPI to the failure 
of the communication domain failure (excluding medi-
ated effects) (direct effect with 95% CI: 0.83 (0.32,1.34)]. 
Maternal HOMA-IR and log-transformed cord blood 

Table 2  Associations of the interpregnancy interval with infant neurodevelopment

Model 1 was adjusted for sociodemographic characteristics including maternal age, education, income

Model 2 was further adjusted for perinatal health status and lifestyle including parity, prepregnancy overweight/obesity, SBP, DBP, depression during pregnancy, 
gestational diabetes mellitus, anemia during pregnancy, vitamin D supplement, folic acid supplement, and physical activity

Model 3 was further adjusted for the birth outcomes including delivery mode, infant gender, gestational week, and birth weight

Model 4 was further adjusted for postnatal factors including postpartum depression, number of siblings, duration of exclusive breastfeeding, feeding difficulties, poor 
sleeping in infants, high fever in infants, and primary caregiver
a  Poisson regression analysis revealed that the IRR with 95% CI between IPI and delay in any 2 domains was 1.11 (1.01,1.23)
b  Poisson regression analysis revealed that the IRR with 95% CI between IPI and delay in all 3 domains was 1.13 (1.01,1.25)
c  For the number of domains of delay across communication, fine motor, and personal social domain, 0 = no delay in any domain, 1 = 1 delay in any domain, 2 = 2 
delays in any domain, and 3 = delay in all 3 domains

ASQ at 12 months N (%) Interpregnancy interval [RR (95% CI)]

Model 1 Model 2 Model 3 Model 4

Delay in one ASQ domain
  Communication 136 (5.2%) 1.99 (1.32,3.01) 1.80 (1.18,2.75) 1.78 (1.16,2.74) 1.73 (1.11,2.70)
  Gross motor 119 (4.6%) 1.03 (0.61,1.75) 1.12 (0.66,1.91) 1.08 (0.63,1.85) 1.08 (0.62,1.88)

  Fine motor 135 (5.2%) 1.75 (1.14,2.68) 1.74 (1.13,2.69) 1.76 (1.13,2.72) 1.73 (1.10,2.72)
  Problem-solving 79 (3.0%) 1.11 (0.60,2.07) 1.11 (0.58,2.14) 1.04 (0.54,2.02) 1.08 (0.56,2.11)

  Personal social 174 (6.7%) 1.68 (1.14,2.47) 1.61 (1.09,2.39) 1.59 (1.06,2.36) 1.51 (1.00,2.29)
Delay in communication, fine motor, and personal social domain
  Delay in any 1 domain 335 (12.9%) 1.63 (1.21,2.19) 1.57 (1.16,2.13) 1.57 (1.15,2.13) 1.50 (1.09,2.06)
  Delay in any 2 domainsa 67 (2.6%) 2.53 (1.47,4.35) 2.20 (1.25,3.86) 2.17 (1.22,3.83) 2.12 (1.17,3.83)
  Delay in all 3 domainsb 42 (1.6%) 2.84 (1.46,5.51) 2.69 (1.37,5.30) 2.55 (1.28,5.08) 2.38 (1.17,4.88)
Number of delay across 3 domainsc - 2.02 (1.36,2.99) 1.96 (1.30,2.97) 1.94 (1.28,2.95) 1.87 (1.22,2.88)
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C-peptides values may play a mediating role in the asso-
ciation of short IPI with failure in the communication 
domain (indirect effect with 95% CI: 0.14 (0.05,0.22)] and 
indirect effects accounted for 14.4% of the total effect.

Sensitivity analysis
An IPI < 12  months was associated with a risk of neu-
rodevelopmental delay, and ≥ 12 months was not statisti-
cally associated with a risk of neurodevelopmental delay 
(Fig. S4). A higher risk of neurodevelopmental delay was 
similarly found to be associated with IPIs < 3, 3–5, and 
6–11 months in the more refined IPI subgroups (Tables 

S4 and S5), despite the wider CIs. We also found that 
the levels of HOMA-IR and C-peptides from cord blood 
C-peptide levels were higher in patients with IPIs < 3, 
3–5, and 6–11  months (Fig. S5). Considering that the 
incidence of delays in any 2 domains and delays in all 3 
domains was less than 5%, we added a sensitivity analysis 
with a Poisson regression analysis and found these signif-
icant associations. Our results showed that the incident 
rate ratio (IRR) with 95% CI between IPI and delays in 
any 2 domains was 1.11 (1.01,1.23), and the delay in all 
3 domains was 1.13 (1.01,1.25). We performed a sensi-
tivity analysis based on the coefficient of determination 

Fig. 1  Associations of maternal HOMA-IR and cord blood C-peptide with risks of ASQ failure. A RRs with 95% CI for the dichotomous outcomes 
of ASQ failures including communication domains, gross motor domains, fine motor domains, problem-solving domains, and personal social 
domains, are for cord blood C-peptide levels above the 90th percentile. B RRs with 95% CI for the dichotomous outcomes of ASQ failures 
including communication domains, gross motor domains, fine motor domains, problem-solving domains, and personal social domains, are 
for maternal HOMA-IR level

Fig. 2  Mediation effects of maternal HOMA-IR (log-transformed) and cord C-peptide (log-transformed) on the relationship between short IPI 
and the risks of failing the communication domain. The total indirect effect consists of 3 pathways. Pathway 1 (Short IPI → HOMA-IR → Failure 
to communication): 2.1%; Pathway 2 (Short IPI → Cord blood C-peptide → Failure to communication): 11.3%; Pathway 3 (Short 
IPI → HOMA-IR → Cord blood C-peptide → Failure to communication): 0.5%
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(Fig. S6). The left plot Y-axis indicates the average media-
tion effect value and the X-axis indicates the sensitivity 
parameter ρ. The dashed line indicates when ρ = 0, that 
is, when there is no confounding effect, and the solid 
line indicates the value of ρ when the confounding effect 
leads to the disappearance of the mediation effect, and 
the shaded part is the confidence interval. The higher the 
absolute value of the ρ indicates a stronger confounding 
effect, and, the corresponding result of the mediation 
effect is more reliable. In Fig. S6, the right plot presents 
the sensitivity analysis based on the coefficients of deter-
mination, R̃2

M
 and R̃2

Y
 , which represent the proportions of 

the original variances explained by the unobserved con-
founders for the mediator and the outcome, respectively. 
The zero-contour line corresponds to R2

M
 and R̃2

Y
 values 

that yielded a zero-average causal mediation effect. For 
example, when R̃2

M
=0.5 and R̃2

Y
=0.3, the estimated medi-

ation effect would be approximately zero. This means 
that the unobserved confounding ability would have to 
explain 50% of the original variance in the (latent) media-
tor variable and 30% of the original variance in the out-
come variable for the estimate to be zero. This implies 
that the values of R̃2

M
 and R̃2

Y
 . They must be relatively 

high to reverse the original conclusions.

Discussion
This prospective birth cohort study showed that an IPI 
less than 12  months was independently associated with 
neurodevelopment in infants after adjusting for prenatal 
and postnatal confounding factors. There was a positive 
association between short IPI and ASQ failure in com-
munication, fine motor, and personal-social domains. 
Furthermore, our findings suggest that maternal–fetal 
glucose metabolism disorder may mediate the associa-
tion of short IPI with a failure communication domain. 
To the best of our knowledge, the present study provides 
the first evidence of possible glucose metabolism path-
ways by which a short IPI is associated with neurodevel-
opment in infants.

Our study found that IPIs < 3, 3–5, and 6–11  months 
were associated with a higher risk of neurodevelopmen-
tal delay in infants, using IPIs ≥ 24 months as a reference 
and that the risk values were essentially the same for the 
three groups. An IPI < 12  months has been associated 
with the highest risk of poor neurodevelopment in simi-
lar studies performed in California and Finland [19, 20], 
which is consistent with our conclusion. Our findings 
in infants suggest that a short IPI is associated with the 
risk of neurodevelopmental delay after controlling for a 
variety of confounders including sociodemographic char-
acteristics, perinatal health status and lifestyle, birth out-
comes, and postnatal factors. Our findings are consistent 
with previously reported associations between a short 

IPI and neurodevelopmental outcomes, such as ASD 
and severe mental illness [6, 29]. Specific potential con-
founders, such as folic acid supplementation, duration of 
breastfeeding, and postnatal factors have been reported 
to influence neurodevelopment in infants [30, 31].

The maternal–fetal glucose metabolism may be a pos-
sible biological factor in neurodevelopmental abnormali-
ties associated with IPI. Studies have shown that maternal 
metabolic disorders increase signs of fetal B-cell hyperac-
tivity [32]. Furthermore, insulin resistance is associated 
with higher levels of C-peptides and several neonatal 
complications such as fetal hyperinsulinemia [15]. Epide-
miological evidence suggests that neonatal hypoglycemia 
is associated with an increased risk of neurodevelopmen-
tal delays, particularly cognitive dysfunction [33]. Based 
on our pre-cohort findings, maternal blood glucose, and 
cord blood C-peptide levels were associated with neu-
rodevelopmental delays in infants [19, 20]. An experi-
mental study in rats found that prolonged hypoglycemia, 
in which glucose supply is compromised, and compensa-
tory changes that maintain cerebral oxidative metabo-
lism are initiated in the brain, lead to neuronal damage 
when all amino acids, such as glutamate, are depleted and 
the rate of ATP production is no longer able to support 
the brain’s minimum energy requirements [17]. Thus, a 
short IPI may affect fetal islet function and influence neu-
rodevelopment in infants. In addition, we performed a 
mediation analysis that suggested that a role for maternal 
HOMA-IR and cord blood C-peptide levels in the asso-
ciation between short IPI and failing the communication 
domain.

Various biological pathways have been reported, 
besides maternal–fetal glucose metabolism. Biologi-
cally, the depletion of micronutrients after a short IPI 
can lead to the degradation of physiological functions 
and the transient nutritional depletion of nutrients, 
especially folic acid deficiency, which affects neurode-
velopment [34]. Substantial evidence has linked poor 
maternal nutrition to brain development in infants [2]. 
Studies have shown that most pregnancies after a short 
IPI are unintended and that unintended pregnancies 
are associated with a higher risk of maternal stress dur-
ing pregnancy [35]. Maternal psychological stress during 
pregnancy and folic acid deficiency may alter fetal DNA 
methylation, which may affect neural behavior [7, 36]. 
Another mechanism may involve maternal inflammation. 
It has been proposed that persistent maternal inflam-
mation can improve fetal neurodevelopment when the 
pregnancy occurs at a relatively short IPI after delivery 
[20]. In some studies, maternal genital tract infections 
have been associated with an increased risk for ADHD, 
supporting a potential immune-related etiology [37]. 
At the same time, there is an increased risk of maternal 
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complications in mothers who conceive after a shorter 
IPI as well as various changes in health-related behavior 
[5]. The advanced age of the parents can also contribute 
to poor neurodevelopment; however, the age of the par-
ents was also considered in our analysis. Further research 
is required to better understand these mechanisms.

Notably, our results represent a composite measure of 
the risk of neurodevelopmental delay, including delays in 
communication and motor skills, problem-solving abil-
ity, and personal-social skills, rather than capturing spe-
cific neurodevelopmental outcomes. Our study found a 
positive correlation between short IPI and ASQ-3 failure 
in the communication, fine motor, and personal-social 
domains. We also found that a short IPI score was asso-
ciated with a higher risk of neurodevelopmental delay in 
children. The communication domain of the ASQ-3 has 
been used as a proxy measure to determine which chil-
dren are at increased risk of ASD diagnosis. Personal-
social and fine motor domains are associated with ASD, 
attention-deficit/hyperactivity disorder (ADHD), aca-
demic performance, and the risk of brain damage [10, 
38]. Neurodevelopmental delays in early childhood are 
often associated with tardive development of severe men-
tal disorders [22]. Therefore, comprehensive measures for 
early neurodevelopment in children are of great interest.

Our study has several strengths. First, it was a popula-
tion-based prospective cohort study with a relatively large 
sample size, making the results more stable. Second, we 
controlled for various confounders during pregnancy and 
infancy, including breastfeeding duration and folic acid 
intake, which directly affect neurological development. 
Third, we found that maternal–fetal glucose metabolism 
disorders partly mediated the association between short 
IPI and the risk of neurodevelopmental delay in infants. 
To the best of our knowledge, the present study provides 
the first evidence of the involvement of a possible glucose 
metabolism disorder pathway by which a shorter IPI is 
associated with neurodevelopment. Finally, our results 
also indicate there is an increased risk of childhood neu-
rodevelopmental delay. Of note, our proposed formula 
represents a composite measure of early childhood risk 
of neurodevelopmental delay, including communication 
and motor skills, problem-solving ability, and personal 
and social skills, rather than focussing on a specific neu-
rodevelopmental outcome.

A limitation of our study is that, as in any observational 
epidemiological study, it cannot point to a causal rela-
tionship between IPI and the risk of neurodevelopmental 
delay. Although we controlled for a series of maternal and 
infant characteristics, in the present study, nonetheless, 
different methodologies limit the interpretation of these 
findings, and unmeasured confounders that may influ-
ence neurological development were not possible, such 

as environmental factors (heavy metal and benzene expo-
sure) and genetic factors (psychiatric or mental illness in 
family members) [39, 40]. Second, women who previously 
birthed a child with neurological defects often choose a 
longer IPI to reduce the risk of neurodevelopmental delay, 
leading to an underestimation of the effect of a short IPI. 
Third, it may cause some artificial bias because it is a par-
ent/caregiver-completed screening questionnaire rather 
than a clinical diagnosis tool, although the ASQ is a gen-
eral tool to assess infant neurodevelopment worldwide. 
Fourth, with delays in any 2 domains and delays in all 3 
domains having smaller sample sizes and incidence rates 
of less than 5%, the relatively small sample size may have 
resulted in wider confidence intervals. Nonetheless, this 
study conducted sensitivity analyses using metrics from 
Poisson regression analyses and concluded that these 
associations were remain significant. Finally, infants’ neu-
rodevelopment was evaluated at a single developmental 
stage, and further research is needed to estimate this asso-
ciation in childhood and adolescence.

Conclusions
In this prospective birth cohort study, we provide new 
evidence that maternal–fetal glucose metabolism partly 
mediates the association of short IPI with neurodevelop-
mental. From a public health perspective, a combination 
of broader studies is needed to propose appropriate IPIs 
to reduce the risk of neurodevelopment. On the other 
hand, in clinical practice, for IPI < 12  months, mater-
nal glucose metabolism needs to be closely monitored. 
Notably, the limited sample size in this study resulted in 
partially wider confidence intervals of effect size, more 
cohort studies with large sample are still required to 
validate them. Future intervention studies could target 
maternal–fetal glucose metabolism to reduce the risk of 
neurodevelopmental delay in infants.
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