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Identification

of neurodevelopmental transition
patterns from infancy to early
childhood and risk factors
predicting descending transition

Takeo Kato'?2, Tomoko Nishimural?, Nagahide Takahashi*3, Taeko Harada?,
Akemi Okumura?, Toshiki lwabuchi2, Yoko Nomura®*, Atsushi Senju?,
Kenji J. Tsuchiyal? & Nori Takei®2>*

It is unclear whether neurodevelopmental progress from infancy to early childhood remains stable.
Moreover, little is known about the risk factors, if any, affecting neurodevelopmental descending
transition patterns and the relationship between these patterns and later childhood adaptive
behaviours. We used data of 875 children from the Hamamatsu Birth Cohort Study in Japan. Children’s
neurodevelopment at 18 and 32 months and adaptive behaviours at 40 months were evaluated.
Perinatal factors and infant overweight status at 18 months were investigated to identify descending-
transition-associated risk factors. In the latent transition analysis, ultimately, three classes were
identified for each time-point, resulting in nine transition patterns; among them, 10.4% of children
showed descending class shifts (normal to delayed class). Such decelerated growth was predicted by
maternal pre-pregnancy overweight status (odds ratio [OR] 2.49; 95% confidence interval [CI] 1.23,
5.02), low maternal educational history (OR 1.20; 95% Cl 1.04, 1.36), and infant overweight status at
18 months (OR 5.89; 95% Cl 1.26, 27.45). Children with descending transition showed poor functioning
in adaptive behaviours at the age of 40 months. To prevent subsequent poor adaptive functioning, it
may be necessary to consider that a certain percentage of children show decelerated growth.

An understanding of the neurodevelopmental trajectories in early life provides a clue to predict developmen-
tal pathways in later life">. Neurodevelopmental delays during early infancy negatively impact childhood
development®. Moreover, neurodevelopmental progress from infancy to early childhood may be inconsistent,
and early delays develop in very heterogeneous ways*. Some children show typical development at first time-point
of measurement but deviate from typical progress at a later time-point. However, these children do not necessarily
exhibit developmental regression, which is defined as loss of previously acquired skills®. Such a developmental
course, which we call a descending transition, has seldom been reported. On the other hand, catching-up tran-
sitions, referring to neurological maturation retardation at certain time-points?, are well-known. However, the
term ‘developmental delays’ has no clear definition and is often arbitrarily defined using descriptive-statistical
measures such as standard deviations and percentile values®”. Therefore, it is critically important to define the
neurodevelopmental status or subtype based on the achievement level of development at each time-point to
comprehend the children’s neurodevelopmental transition. While many studies have comprehensively assessed
early neurodevelopment and its trajectories®®, no previous study has comprehensively evaluated a range of
transition patterns which include the descending transition.
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Furthermore, little is known about risk factors that may influence such descending transitions. Hillemeier
et al.® found that prenatal and obstetric factors such as low maternal education, low family income, and preterm
birth had an increasing effect on descending transitions. However, the developmental pathways of children are
also affected by postnatal factors, including physical growth, as well as biological and environmental factors'®.

The relationship between a descending course of neurodevelopment during early childhood and untoward
consequences in everyday functioning, including adaptive behaviours, at a later stage has attracted attention.
While this connection has already been investigated, it only exists in a high-risk sample of siblings of children
with autism spectrum disorder (ASD)"".

Hence, this study has three aims. First, in a birth cohort sample of Japanese children (18-32 months old),
to apply a statistical modelling technique (latent transition analysis; LTA)'? to identify classes with distinct
transition patterns. Second, to explore risk factors, including pre-pregnancy maternal variables, environmental
indicators, and infant physical growth variables, which could predispose children to specific transition patterns,
especially focusing on a diversion from normal to delayed development. Third, to determine whether children
with descending transition patterns show poorer performance in adaptive behaviours at a subsequent stage (age
40 months).

Methods

Ethics approval. The study protocol was approved by the Hamamatsu University School of Medicine and
University Hospital Ethics Committee (Ref Nos. 17-037 and 17-037-3) and performed in accordance with the
Declaration of Helsinki. Written informed consent was obtained from each mother for her own and her infant’s
participation.

Participants. This study is part of the ongoing cohort study, the Hamamatsu Birth Cohort Study for Mothers
and Children (HBC Study). Participants included mothers (n=1138) and their infants (n=1258) born between
24 December 2007 and 19 March 2012. The detailed recruitment procedure has been previously described®. The
participants were determined to be a representative sample of the general Japanese population>.

In applying the exclusion criteria, the final sample in this study comprised 875 infants and 795 mothers (Sup-
plementary Fig. S1); Two infants whose mothers had passed away before their first birthdays, an infant with a
birth weight less than 1000 g, two infants diagnosed with Down syndrome, and twins and other multiple births
(n=25) were also excluded. Additionally, 353 infants who failed to participate in outcome assessments at 18 or
32 months of age (henceforth referred to as time 1 and time 2, respectively), or both, were excluded.

Measures. Neurodevelopment. Neurodevelopmental progress was assessed using the Mullen Scales of Ear-
ly Learning (MSEL) at time 1 and time 2'*. MSEL is a validated composite scale for ascertaining child neurode-
velopment through direct testing and is composed of five domains: gross and fine motor, visual reception, and
expressive and receptive language. A Japanese version of the associated T-score, with a mean of 50 and a standard
deviation (SD) of 10, was used as the outcome. The detail of the T-score and procedures of the direct testing of
MSEL and retaining the reliability of assessments among clinical evaluators have been described previously’.

Risk factors for neurodevelopmental transition.  Risk factors associated with neurodevelopmental transition pat-
terns in children, especially descending patterns from time 1 to time 2, were explored (Supplementary Note 1).
A perinatal factor, small-for-gestational-age (birth weight <10th percentile for gestational age)'> was applied.
Moreover, infant overweight status at time 1 was incorporated as another risk index'®. Child weight and height
at 18 months of age were obtained from records taken from periodic health check-ups. Child BMI values were
transformed into a standardized body mass index (sBMI) corresponding to a BMI-for-age value with a mean of 0
and an SD of 1, based on the World Health Organization’s Child Growth Standards'’. Subsequently, sSBMI scores
were dichotomised into ‘overweight’ (over 1 SD) and ‘others’ The mother’s pre-pregnancy overweight status was
also included as another biological variable; self-reported pre-pregnancy BMI (kg/m?*) during early pregnancy
was dichotomised as ‘overweight” (over 25 kg/m?) and ‘others™®. A history of maternal education (a continuous
variable) obtained through an interview was also used.

Covariates. Infant sex, premature birth (<37 weeks), low placenta-to-birth-weight ratio (< 10th percentile)®,
parental age, paternal educational history, and annual household income were used as covariates for multino-
mial logistic regression. Data relating to the demographic characteristics of parents were collected during preg-
nancy, and perinatal variables were obtained from medical records.

Adaptive behaviours. 'The everyday functional levels of each child were quantified using the vineland adaptive
behaviour scales second edition (VABS-II) at 40 months of age. The VABS is based on a semi-structured parental
interview consisting of four domains: communication, daily living, socialization, and motor skills®’. An overall
adaptive behaviour composite standardized score, with a mean of 100 and an SD of 15, was used.

Statistical analysis. Latent transition analysis. LTA was used to compute the latent transition probabili-
ties which suggest the likelihood of individuals changing classes or remaining in the same class across con-
secutive periods'?. LTA may compute transition probabilities at multiple time-points, such as three time-points;
however, the precision of estimation might become inferior owing to the involvement of a multiplicative increase
in parameters. Therefore, we opted for two time-points (e.g., time 1 and time 2) to achieve our goal, which was
to identify classes with distinct transition patterns. Prior to the main analysis, five domains of MSEL T-scores
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at time 1 and time 2 were set as the outcome measures through latent class analysis (LCA). To select the appro-
priate class solution in latent class analysis (LCA), we used five common fit indices*: the Akaike information
criterion (AIC), Bayesian information criterion (BIC), entropy, adjusted Lo-Mendell Rubin likelihood ratio test
(LMR-LRT), and bootstrap likelihood ratio test (BLRT). Along with these indices, the number of classes was
ultimately determined by considering theoretical justification and interpretability*>. After the best solution at
each time-point was identified via LCA, the transition probability by which each individual was assigned to an
optimal transition pattern was computed using LTA without potential risk factors and covariates. For the LTA
procedure, a slightly modified version of the three-step approach was followed (Supplementary Note 1)***4. In
this approach, potential risk factors (maternal pre-pregnancy overweight status, low maternal educational histo-
ry, small-for-gestational-age, and infant overweight status at time 1) and covariates (infant sex, premature birth,
placenta-to-birth-weight ratio, and household income) which differed across classes at time 1 were included in
the analysis (Supplementary Note 1) and examined to determine which factors would emerge as affecting transi-
tion patterns (i.e., class shifts) using multinomial logistic regression.

Transition pattern effect on adaptive behaviours. The associations of transition patterns between time 1 and
time 2, especially descending transitions, with adaptive behaviours at 40 months were investigated using lin-
ear regression analysis, wherein risk factors identified in LTA were included as covariates to account for their
potential confounding effects. Familial clustering was controlled for using the Huber-Sandwich method. The
statistical analyses in the present study were conducted using Mplus version 8 (https://www.statmodel.com/)*
and Stata version 14.0 (https://www.stata.com/statal4/)%.

Data attrition. Infants who received MSEL evaluations at time 1 and 2 were included. The rate of missing data
from the five MSEL domains was minimal (1.6% in total). The full information maximum likelihood (FIML)
method, a powerful tool for missing data, was used”. Any biases arising from the assumption of missing at ran-
dom for FIML were therefore considered negligible.

Results
Neurodevelopmental transition patterns from infancy to early childhood. Table 1 shows the
participants’ demographic characteristics included in the analysis. In LCA, fit indices in latent class analysis are
shown in Supplementary Table S1. We investigated up to seven class solutions. For LCA time 1 (i.e., 18 months),
the adjusted LMR-LRT showed P<0.05 up to the five-class solution, whereas BIC was smallest for the six-class
solution. AIC continuously reduced, while BLRT remained significant up to the seven-class solution. As for LCA
time 2 (i.e., 32 months), the adjusted LMR-LRT similarly showed P<0.05 up to the five-class solution, while BIC
had the smallest value for the six-class solution. AIC continued to decrease, and BLRT showed P<0.001 up to
the seven-class solution. These findings indicate the optimal solution was five classes or more for both time 1
and time 2. In our previous study of the same birth cohort, we found that five classes would best delineate the
distinctive trajectories of neurodevelopment over the period of infancy (1-24 months), including the current
time-point (i.e., time 1)°. For comparisons and facilitation of interpretations, we opted for the five-class solu-
tion for both time 1 and time 2. Figure 1 shows the MSEL composition of the five classes identified by the LCA
procedures. At time 1 (Fig. 1a), three classes within 50+ 1 SD (i.e., leftmost to the third column in the figure)
were designated as ‘normal, consisting of ‘high normal’ (21.9%), ‘normal’ (31.8%), and ‘low normal’ (40.9%),
in order from left to right. The fourth group of children (2.2%) showed a downward deviation (-2 SD) only in
the expressive language domain (denoted as ‘expressive language (EL)-delayed’). The last group (3.2%) showed
low scores (below—1 SD) in all five domains (‘delayed’). Similarly, three normal classes, ‘high normal’ (7.8%),
‘normal’ (32.9%), and low normal’ (46.3%), were identified at time 2 (Fig. 1b). The fourth group (9.9%) showed
scores below—1 SD in all five domains (‘delayed’). The last group (3.1%) showed markedly low scores in all five
domains (‘markedly (M)-delayed’).

Table 2 shows counts and proportions for each combination of class assignments from time 1 to time 2. Only
a small number of children (1 <9, corresponding to less than 1%) was allocated to 12 out of the 25 observable
transition classes, including the descending pattern classes. Thus, the three normal classes were amalgamated
at each time-point and labelled as ‘3-normals’ to increase statistical power during relative risk estimations of
children assigned to descending transition classes in comparison with baseline control classes (i.e., normal-to-
normal transition patterns). Thus, the number of transition patterns was reduced to nine. Of the 875 infants
included in the analyses, 737 (84.2%) were assigned to the reference transition pattern of ‘3-normals to 3-normals’
at both time-points, 91 (10.4%) to the descending transition patterns (“3-normals to delayed” and “3-normals to
M-delayed”), while 24 (2.8%) were assigned to the catching-up transition patterns (“EL-delayed to 3-normals”
and “delayed to 3-normals”), and 23 (2.6%) were assigned to the four transition patterns of remaining in delayed
classes at both time-points.

Risk factors for transition patterns. Table 3 shows associations between the risk factors for infants with
descending and catching-up transition patterns compared with infants with the reference transition pattern
(i.e., “3-normals to 3-normals” at both time-points). Children whose mothers had a pre-pregnancy overweight
status had a 2.49-fold increase in the risk of being assigned to the “3-normals to delayed” transition pattern
than children with the reference transition pattern (odds ratio [OR] 2.49; 95% confidence interval [CI] 1.23,
5.02). Low maternal educational history was also associated with this descending transition pattern. A 1-year
decrease in maternal educational history corresponded to a 20% increase in the risk of infants being assigned
to the “3-normals to delayed” transition pattern (OR 1.20; 95% CI 1.04, 1.36). Overweight status at time 1 in
infants was associated with being assigned to the “3-normals to M-delayed” transition pattern (OR 5.89; 95%
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Infants Mean (SD)
Birth weight (g) 2957.0 (422.2)
Gestational age at birth (weeks) 39.0 (1.4)
n (%)
Sex
Male 432 (49.4%)
Female 443 (50.6%)
Prematurity
<37 weeks 46 (5.3%)
>37 weeks 829 (94.7%)
Small-for-gestational-age
<10th percentile 77 (8.8%)
10th-100th percentile 798 (91.2%)
Age-standardized BMI scores at 18 months
> 1 standard deviation 50 (6.1%)
<1 standard deviation 776 (93.9%)
Parents n (%)
Maternal BMI at pre-pregnancy (kg/m?)
>25.0 100 (11.4%)
<25.0 775 (88.6%)
Placenta-to birth-weight ratio
<10th percentile 152 (17.7%)
10th-100th percentile 707 (82.3%)
Mean (SD)
Paternal age at birth (year) 33.5(5.7)
Maternal age at birth (year) 31.7 (5.0)
Paternal education (year) 14.1 (2.6)
Maternal education (year) 13.8 (1.8)
Household income (million JPY) 6.0 (2.7)

Table 1. Characteristics of participating infants and their parents. SD standard deviation, BMI body mass
index, JPY Japanese Yen.

CI 1.26, 27.45). For catching-up transition patterns, low maternal educational history was also associated with
assignment to EL-delayed to 3-normals” transition pattern (OR 1.21; 95% CI 1.01, 1.49), and infants with SGA
were more likely to be allocated to the “delayed to 3-normals” transition pattern (OR 10.13; 95% CI 2.23, 45.85).
Associations between covariates and neurodevelopmental transition patterns in the final model are shown in
Supplementary Table S2 and Note 2.

Transition patterns and adaptive behaviour. Table 4 presents the associations between the nine tran-
sition patterns and the adaptive behaviour composite standardized scores at 40 months of age. Compared with
children with the reference transition pattern, children with the two descending transition patterns showed
lower adaptive scores 8 months later (“3-normals to delayed”: coefficient= —7.88; 95% CI-9.77,—6.00 and
“3-normals to m-delayed”: coefficient = —13.04; 95% CI—18.87,—7.21). Children who stayed in delayed transi-
tion classes also showed poorer levels of adaptive ability. Conversely, children who achieved the two catching-up
transition patterns had no significant differences in adaptive functioning when compared with infants in the
reference transition group (“EL-delayed to 3-normals”: coeflicient= —2.26; 95% CI—-5.04, 0.50 and “delayed to
3-normals”: coefficient=0.50; 95% CI—3.98, 4.99).

Data attrition. Notably, characteristics (i.e., sex, birth weight, gestational age at birth, and prematurity) of
infants and parental background characteristics (i.e., parental age and maternal educational history) differed
between the infants included and those excluded from the analyses (Supplementary Table S3). These differences
may have biased the findings. The inverse probability weighting method* was applied to the final model to allow
for missing variations associated with these six variables. The estimates derived from the inverse probability
weighting model for descending transition patterns remained statistically significant, with ORs of 2.2 (95% CI
1.32, 3.79) for maternal overweight at pre-pregnancy, 3.89 (95% CI 1.25, 12.06) for infant overweight at time 1,
4.16 (95% CI 1.40, 12.28) except for maternal educational history, which had an almost identical estimation but
fell just short of statistical significance (OR 1.12; 95% CI 0.99, 1.26).
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Figure 1. Latent class structure by neurodevelopmental domains at 18 months (A) and 32 months (B) (n=_875).
EL-delayed expressive language delayed, M-delayed markedly delayed.
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Latent class at time
1,n (%)

gilglg‘;z)"rm"l 1921 49 (5.6%) 87 (9.9%) 56 (6.4%) 0 (0%) 0 (0%)
g‘;{‘s‘bmed 301 'Normal 278 (31.8%) | 12 (1.4%) 132 (15.1%) 130 (14.5%) 0 (0%) 4(0.5%)
(Lf(;fgo‘;‘)"mal 358 7 (0.8%) 61 (7.0%) 203 (23.2%) 74 (8.5%) 13 (1.5%)
](Esz;(;oe)layed 19 0 (0%) 6 (0.7%) 9 (1.0%) 3(0.3%) 1(0.1%)
Delayed 28 (3.2%) | 0 (0%) 2(0.2%) 7 (0.8%) 10 (1.1%) 9 (1.0%)

Table 2. Transition class counts and proportions derived by latent transition analysis (n=875). EL-delayed
expressive language delayed, M-delayed markedly delayed.

Possible risk factors

Maternal overweight status at pre-pregnancy | - 2.49 [1.23,5.02]* 1.27 [0.20, 8.02]
Low maternal education (year) 1.20 [1.04, 1.36]* 1.12 [0.74, 1.69]
Small-for-gestational-age 1.81 [0.72, 4.53] 0.89 [0.10, 7.93]

Infant overweight status at 18 months

1.49 [0.57, 3.88]

5.89 [1.26, 27.45]*

Possible risk factors

Maternal overweight status at pre-pregnancy | 0.83 [0.10, 6.69] NA NA

Low maternal education (year) 1.21 [1.01, 1.49]* 0.91 [0.46, 1.81] 1.96 [1.58, 2.43]00¢*
Small for gestational age 0.93 [0.11, 7.53] 3.85[0.010,1409.03] | NA

Infant overweight status at 18 months NA NA NA

Possible risk factors

Maternal overweight status at pre-pregnancy

4.79 [0.91, 25.26]

0.90 [0.09, 8.57]

1.40 [0.17, 11.37]

Low maternal education (year) 1.09 [0.74, 1.61] 1.26 [0.85, 1.88] 1.42 [0.86, 2.32]
Small for gestational age 10.13 [2.23, 45.85]*** NA NA
Infant overweight status at 18 months 2.78 [0.24, 31.99] 2.15[0.24, 19.18] NA

Table 3. Association between possible risk factors and neurodevelopmental transition patterns in the final
model of multinomial logistic regression analysis with covariates (n=811). Infant’s sex (male), premature
birth (<37 weeks), low placenta-to-birthweight ratio (< 10th percentile), and household income. Fifty infants
who had missing values for infant’s sSBMI at 18 months and 14 mother-infant dyads who had missing values
for mother’s placental weight were excluded from this analysis. OR odds ratio, CI confidence interval, NA not
available. *P<0.05, ***P <0.005, ****P <0.001.

Discussion
LTA was applied to multiple neurodevelopmental measures collected from infancy to early childhood in a Japa-
nese birth cohort sample and found that 10.4% of children were diverted from normal neurodevelopment levels
(3-normals) to lower levels, implying decelerated developmental patterns. Maternal pre-pregnancy overweight
status, infant overweight status at time 1 (i.e., 18 months), and low maternal educational history were identified
as risk factors associated with descending transition patterns. Further, children assigned to descending transition
patterns or who remained in delayed neurodevelopmental classes from time 1 to time 2 (i.e., 32 months) dem-
onstrated poorer adaptive functioning at 40 months. In contrast, children with catching-up transition patterns
attained a normal range of adaptive functioning at 40 months.

Our study showed that 5.4% of infants (47/875) were assigned to the delayed classes at time 1 and 13.0%
(114/875) to the delayed classes at time 2, indicating that there was an overall increase in the rate of delayed
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Adaptive behaviour composite standardized score
Coefficient [95% CI]
Transition patterns (n)
3-Normals to 3-normals (654) Reference
3-Normals to delayed (67) —7.88 [-9.77,—6.00] ****
3-Normals to markedly delayed (13) —13.04 [-18.87,—7.21]%0%*
EL-delayed to 3-normals (14) —2.26 [—5.04, 0.50]
Delayed to 3-normals (9) 0.50 [-3.98, 4.99]
EL-delayed to delayed (3) —11.49 [-16.9,-6.01] ¢
EL-delayed to markedly delayed (1) —14.13 [-15.20,—13.06] ****
Delayed to delayed (10) —-9.76 [-13.39, - 6.13] ¥
Delayed to markedly delayed (8) —17.48 [-21.77,-13.19] 00

Table 4. Association between neurodevelopmental transition patterns and adaptive behaviour at 40 months
in linear regression analyses with covariates (n=779). CI confidence intervals, EL-delayed expressive language
delayed. ***P<0.001. *Infant sex (male), premature birth (<37 weeks), low placenta-to-birth-weight ratio

(< 10th percentile), household income, maternal body mass index at pre-pregnancy (>25 kg/m?), small-for-
gestational-age (< 10th percentile), infant’s standardised body mass index at 18 months of age (>1 SD), and
maternal educational history.

infants over the study period. Further, 10.4% of infants were identified as having descending transition patterns
from time 1 to time 2. A previous study based on a Taiwanese nationwide sample? reported that the prevalence
of neurodevelopmental delay from 1 to 3 years of age increased about three to four-fold, suggesting that, akin
to our findings, a substantial proportion of children show a descending developmental pattern from infancy to
early childhood. Approximately half (51%) the infants (n =24) who belonged to delayed classes (i.e., ‘expressive
language, EL-delayed, and ‘delayed’ classes) at time 1 (n=47) moved to normal classes (i.e., ‘3-normals’) at time
2, showing catching-up transition patterns. This finding is inconsistent with those of previous studies reporting
that approximately 80-90% of children who initially belonged to a delayed class eventually caught up®”. In these
studies, however, ‘delayed class’ was arbitrarily defined using deviations from an average (e.g., below—1 SD);
thus, the prevalence of developmental delays in infancy might be overestimated. Infants in the EL-delayed class
in our study may include the so-called ‘late talkers’ (LT), or children under 3 years old who have unusually small
vocabularies with unknown primary causes®. Overall, children with LT have a good prognosis, with 60-70%
of children moving into the average range on language measures by preschool®!. Our study supports this find-
ing in that 79% of infants assigned to the EL-delayed class at time 1 caught up to the normal classes by time 2.

Maternal pre-pregnancy overweight status was a risk factor for a descending transition pattern. This finding
supports previous studies which associated maternal pre-pregnancy overweight status with motor®, language®,
and cognitive neurocognitive developmental delay in offspring®*. Maternal pre-pregnancy overweight status
might produce a chronic systemic inflammatory ambience in both mother and foetus, with long-lasting negative
consequences for neuronal development in offspring® by affecting insulin and leptin levels and other inflam-
matory markers®. Girchenko et al.”” indicated that higher levels of maternal inflammation of high-sensitivity
C-reactive protein and glycoprotein acetyls mediated the effect of prenatal environmental adversity including
maternal early pregnancy overweight on child neurodevelopmental delay.

Infant overweight status at time 1 was considered another risk factor for descending transition patterns.
Overweight status in infancy is known to be related to neurodevelopmental delays'®*® and neuroimaging research
has accumulated evidence on the relationship between overweight status and structural changes in the brain®**.
Obesity may cause reductions in brain volume through inflammatory responses produced by adipose tissue*.
Thus, overweight status during infancy, when brains are developing rapidly*!, may negatively impact healthy
brain development and lead to descending transition patterns in early childhood.

Low maternal education was associated with the descending transition pattern. Maternal educational history
appears to be associated with variables indicating poor parenting environments, including low maternal respon-
sivity and lack of effective communication®’, and may result in more developmental differences*’. Genetic or
inherent influences may become more salient during the later stage of infancy. For example, a declining trajectory
of development has frequently been reported in children with neurodevelopmental disorders such as ASD*, and
lower levels of maternal education may be a risk factor for neurodevelopmental disorders®.

The results of the present study showed that the risk factors are independently associated with the descending
neurodevelopmental trajectory. However, it has been reported that these risk factors are associated with each
other. It has been reported that maternal obesity had an adverse effect on child obesity*, and obesity in early
childhood was more commonly seen among those born to mothers with low education®’. Therefore, further
investigation is needed to determine the association among these risk factors and child neurodevelopmental
trajectories including mediation and moderation.

Small for gestational age (SGA) was found to be positively associated with the catching-up transition pattern
from the Delayed class to the 3-normals class. Although SGA infants reportedly have lower levels of cogni-
tive, language, and motor development than infants with appropriate gestational age*®, a catching-up phase of
neurodevelopmental progress during early childhood has been noted in these children***, which is compatible
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with the findings of the present study. Growth hormone/insulin-like growth factors have been proposed to be
possible mechanisms behind this catching-up phase in children with SGA®!. Low maternal education level was
also associated with catching-up transition patterns from the EL-delayed class to the 3-normals class. However,
when the inverse probability weighting method was applied to the model, this finding was no longer significant
(OR 1.17, 95% CI 0.91, 1.49), implying that the seeming association might reflect a bias arising from sample
selection procedures.

There was no association between risk factors and persistent delayed transition patterns (i.e., from the EL-
delayed class and the delayed class at time 1 to the delayed class and the markedly delayed, M-delayed, class at
time 2), except that maternal education was associated with the transition pattern of EL-delayed to M-delayed.
Although this exception was grounded on a small sample size (n=1) and needs further investigations, it has
been reported that there was an association between low maternal education and neurodevelopmental delay in
children®.

It was found that infants with descending transition patterns and persistent delays showed lower adaptive
behaviour scores at 40 months of age than infants with the reference transition pattern. Our findings regarding
infants with persistent delays are consistent with a previous study, which identified an association between lower
neurodevelopmental scores in infancy and poorer adaptive behaviours in siblings of children with ASD™. To the
best of our knowledge, this is the first study to demonstrate the relationship between developmental transition
patterns and later adaptive behaviour in a general population sample.

One of the main strengths of this study was that our population comprised a representative sample of infants;
thus, our findings are generalizable. Second, this study examined five domains of neurodevelopment using
established instruments and direct evaluations. Third, to the best of our knowledge, this study is the first to
report risk factors for predicting descending transition patterns and subsequent poorer adaptive functioning in
children at the early developmental stage.

However, this study has some limitations. First, the sample size was comparatively small. Among the 25 ini-
tially identified transition patterns, 12 were each composed of less than 1% of children; thus, the three normal
classes were combined into a single “3-normals” at both time-points to avoid false-negative findings due to a
lack of statistical power. Therefore, the findings, especially the risk factors, should be interpreted with caution.
In fact, maternal BMI and infant sBMI were dichotomized in the present study, but when they were treated as
continuous variables, the association with descending transition pattern was changed. Although the association
between maternal BMI and the descending transition pattern remained significant (OR 1.08, 95% CI 1.01, 1.17),
the infant sBMI did not (OR 2.10, 95% CI 0.80, 5.48). In future studies, we recommend verifying our findings
through large sample sizes for possible application in clinical practice. Second, potential postnatal risk factors
for predicting transition patterns were limited only to infant BMI. Further research is warranted to determine
the impact of other growth-related indices, including protective factors, for infants, such as nutritional intake,
interpersonal activities at early life stages, and environmental factors (i.e., living conditions and accessibility and
utilization of health and social care services). Reliance on parental reports of the adaptive performance in their
offspring might also have impacted the outcome measures. It is plausible that the performance of adaptive skills
in children reported by parents may have been exaggerated®. Nevertheless, no evidence indicated that this bias
occurred in combination with specific transition patterns of neurodevelopment; thereby;, it is unlikely to have
confounded the findings of the association between transition classes and adaptive functioning. However, there
remains the possibility that our findings may be overrepresented by a subpopulation of infants, particularly, those
with developmental impairments such as ASD. Acquired knowledge and information provided regarding the
disorder may have influenced parents’ reporting attitudes in favour of the research questions in the present study.
The results, however, remained virtually unchanged when children diagnosed with ASD at time 2 (n=26) by
paediatricians blinded to any research hypotheses were eliminated from the analyses (Supplementary Tables S4,
S5), suggesting that our findings cannot be attributed to a specific group of developmental conditions.

In conclusion, this study underscored the dynamic nature of comprehensive neurodevelopmental progress
from 18 to 32 months and identified risk factors associated with descending neurodevelopmental transition
patterns during this period. In this representative sample of Japanese children, 10.4% showed descending tran-
sition patterns, which were predicted by maternal pre-pregnancy overweight status, low maternal educational
history, and infant overweight status at 18 months. It was also found that children with descending transition
patterns had lower adaptive behaviours at 40 months. Further studies are warranted to replicate our findings
using independent samples in large studies.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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Hamamatsu Birth Cohort Study (HBC study)

Born between 24 December 2007 and 19 March 2012

Mothers: n = 1138
Infants n = 1258

Excluded
Mother’s death by child one year old

2 mothers-infants

Infants: n = 1256

Excluded
Less than 1000 grams of birth weight

1 mother-infant

Infants: n = 1255

Excluded

Down syndrome
2 mothers-infant dyads

Infants: n = 1253

Excluded

Twins
13 mothers, 25infants

Infants: n = 1228

Excluded Not assessed for MSEL
Missed at both 18 and 32 months: 225 infants

y

Missed at 18 months: 32 infants
Missed at 32 months: 96 infants

Included

Mothers: n =795
Infants: n = 875

Supplementary Figure S1. Participants flow chart
2“Satogaeri-bunben” is a Japanese traditional support system for childbirth, in which some pregnant women

return to their hometown for delivery while receiving family support.

MSEL, Mullen Scales of Early Learning.

Reasons for missingness

P 4 infants: died

P 24 mothers and 25 infants

dyads: moved away

P 112 mothers and 123 infants:
unknow reasons

P 185 mothers and 201 infants:

“satogaeri-bunben™?




Supplementary Table S1. Fit indices in latent class analysis

Number of class

1 2 3 4 5 6 7
Fit stats at time 1
(n = 875)
AIC 32873.9 322331 31981.6 318827 31802.6 317375 317146
BIC 32921.9 32309.9 32087.3 32017.2 31965.9 31929.5 31935.5
Entropy - 0.856 0.786 0.739 0.786 0.807 0.806
fg$5;%’ah?R' - <0001 0067 0132 0029 0167 0351
BLRT p value - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Number of class

1 2 3 4 5 6 7
Fit stats at time 2
(n =875)
AIC 329435 32079.2 31680.0 31577.7 31538.6 31489.7 31478.4
BIC 329915 32156.0 317856 317122 31701.9 31681.8  31699.4
Entropy - 0.705 0.799 0.758 0.753 0.706 0.722

Adjusted LMR-
LRT p value

BLRT p value - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; BLRT, bootstrap likelihood ratio test;
LMR-LRT, Lo-Mendell Rubin likelihood ratio test.

- <0.001 < 0.001 0.003 0.037 0.054 0.353




Supplementary Note 1. Details of the latent transition analysis in the present study

Latent transition analysis (LTA) enables us to identify the transition of classes assigned
at different time-points and investigate the association of predictors (i.e., risk factors) with class
shifts. The primary aim of LTA is to compute latent transition probabilities, which represent the
likelihood that individuals change classes or remain in the same class across consecutive
periods'. In the present study, we followed the three-step approach recommended for LTA*?. In
step 1, the LTA model without risk factors or covariates was estimated; in step 2, individuals
were assigned to optimal latent transition patterns; in step 3, a model with risk factors or
covariates was fit to detect relevant risk factors. We used this approach to identify transition
class assignments, as well as to investigate risk factors for predicting transition patterns using
Mplus, version 8*. However, during step 3, we failed to obtain accurate and reliable estimates
due to the small number of assignment memberships in many of the created cells. In effect,
fewer than nine children (less than 1%) were allocated to nearly half of the total 25 cells (12/25),
which was created by 5 % 5 classes at time 1 and time 2 (see Table 2). Nine out of 12 belonged
to descending or catching-up transition shifts, which were of interest in this study. Therefore,
we modified the original step 3° and implemented the following process to enhance the
precision of estimation and lead to clinically meaningful interpretations. First, we transferred
the whole data on the individual latent class assignments at each time-point, transition
assignments, and transition probabilities derived from Mplus to Stata software’. Then, we
combined the three normal classes (i.e., High Normal, Normal, and Low Normal; see Table 2
and Fig. 1 in the main text) at each time-point into a single “3-Normals” class, resulting in
reduction from five to three classes in total for both time 1 and time 2. Thus, the number of
transition patterns was reduced from 25 to 9 (3 x 3) patterns. Second, we examined any
differences in background characteristics across these three classes at time 1 to identify
potential confounders (covariates) for subsequent analyses. Through the screening analytical
steps, distributions of various factors such as sex, premature birth (<37 weeks), low placenta-
to-birth weight ratio (<10™ percentile), and household income were found to significantly differ
across the three classes; thus, they were included as covariates in the analyses. Third, we used
logistic regression analysis with the forward stepwise method in which the minimum number
of risk factors associated with transition patterns was identified following the principle of
parsimony, with covariates being compulsorily held to allow for their confounding effects.
Notably, in the original three-step approach®, risk factors and covariates are entered
compulsorily, thereby rendering the derived estimates unreliable due to the inflated number of
parameters. In this analysis, we regarded all the variables listed in Table 1 as risk factors, except
for the four covariates. Here, we used the maximum class probability from LTA (converted into
odds ratio) to account for variability in the likelihood of transition pattern assignments. Since
two or more children born from the same mother were enrolled, such clustering was accounted
for by using robust variance estimation. The results showed that maternal pre-pregnancy body
mass index (>25 kg/m?), maternal education, and infant's body mass index at 18 months (>1
standard deviation) were associated with descending transition patterns (see Table 3).



Supplementary Table S2. Association between covariates and neurodevelopmental
transition patterns in the final model of multinomial logistic regression analysis (n =

811).
Transition from 3-Normals at time 1 (765)
to 3-Normalsat  Delayed attime 2  Markedly Delayed
time 2 (681) (70) at time 2 (14)
Reference OR [95% CI] OR [95% CI]
Covariates
Male sex 1.51[0.88,2.60] 6.13[1.44, 26.01]"

Premature birth before 37
weeks

Low placenta-to-birth-weight

ratio (<10™ percentile)

Household income (million
JPY)

1.08[0.33,3.50]  5.12 [1.02, 25.63]"

1.48 [0.76, 2.87] NA

0.89[0.78,1.01]  0.93[0.70, 1.23]

Transition from expressive language delayed at time 1
(19)

to 3-Normalsat  Delayed at time 2
time 2 (15) (3)
OR [95% Cl] OR [95% Cl]

Markedly Delayed
attime 2 (1)
OR [95% Cl]

Covariates

Male sex 1.13[0.40, 3.20] NA NA
Premature birth before 37 NA 0.90 [0.69, 1.18] NA
weeks

Low placenta-to-birthweight NA 9.06 [0.54, NA
ratio (<10th percentile) 152.11]

Household income (million
JPY)

0.98[0.81,1.19] 0.90[0.69,1.18]  1.11[1.01,1.21]"

Transition from Delayed at time 1 (27)

to 3-Normals at Delayed at time 2  Markedly Delayed
time 2 (9) (10) at time 2 (8)
OR [95%ClI] OR [95%Cl] OR [95%Cl]

Covariates

Male sex 2'7131.[;’6]62’ 1.69 [0.42, 6.68] NA

\Ijvr:gr(gture birth before 37 24;%[5;)2?1 3.18 [0.27, 37.10] NA

'r‘a‘::’g ?lal%etﬂtggfcg']ﬁre")ve'ght 138[0.20,9.39] 1.86[0.39,8.80] 2.70 [0.59, 12.31]

'J*P"\‘(J)Seho'd income (million Ob‘?%g[]gﬁf ' 0.73[0.51,1.03]  0.99 [0.77, 1.26]
P <.05. P <0L P <.005. P <.00L.

OR, odds ratio; CI, confidence interval; JPY, Japanese Yen; NA, not available.



Supplementary Note 2. Results and inferences of covariates for neurodevelopmental
transition patterns.

The variables of male sex (OR = 6.13; 95% CI: 1.44, 26.01) and premature birth before 37
weeks (OR =5.12; 95% CI: 1.02, 25.63) were significantly associated with the “3-Normals to
M-Delayed” descending transition pattern. These variables were treated as covariates to adjust
for background characteristic differences across three classes at time 1 so that they could not
be considered as risk factors. Nevertheless, given that any existing confounding and risk-
increasing effects in a single variable cannot be separated, there is the possibility that these
two factors may in effect have contributed to the descending transition. Compatible with this
inference, a previous study has reported that male sex and prematurity were associated with a
diversion from normal to delayed development in the neurocognitive domain during age
intervals similar to our study®.

Household income used as a covariate was negatively associated with the catching-
up transition pattern from Delayed to 3-Normals; infants from low income were more likely to
make the catching-up transition from the Delayed class at time 1 to the 3-Normals class at
time 2, with the odds ratio (OR) being 0.61 (95% CI: 0.47, 0.79) when compared with infants
who transitioned from 3-Normals at time 1 to 3-Normals at time 2. Given that higher income
has been reported to be positively related to child development’, our contradictory finding is
puzzling. One possible interpretation is an involvement of public health care professionals in
supporting the development of infants with socioeconomically deprived backgrounds’#.
Those infants from low socioeconomic status identified as the Delayed class at time 1 in this
study may have naturally raised more attention from health care providers (e.g., through
nationwide infant check-ups)® and prompted intervention to foster their development.



Supplementary Table S3. Comparison of participants’ characteristics between the group

included in the analysis and the group excluded from the analysis

Included Excluded
(n=875) (n=383)
Mean (SD) Mean (SD) P value?
Infants
Birth weight (g) 2957.0 (422.2) 2902.4 (472.8) 0.042
Gestational age at birth (weeks) 39.0 (1.4) 38.6 (1.8) <0.0001
n (%) n (%) P value?
Sex
Male 432 (49.4%) 216 (56.4%) 0.022
Female 443 (50.6%) 167 (43.6%)
Prematurity
<37 weeks 46 (5.3%) 40 (10.4%) 0.0011
>37 weeks 829 (94.7%) 343 (89.6%)
Small for gestational age
<10th percentile 77 (8.8%) 29 (7.6%) 0.47
10th—100th percentile 798 (91.2%) 354 (92.4%)
Age-standardised BMI scores at 18 months
>1 standard deviation 50 (6.1%) 3 (2.5%) 0.11
<1 standard deviation 776 (93.9%) 116 (97.5%)
n (%) n (%) P value?
Parents
Maternal BMI at pre-pregnancy (kg/m?)
>25.0 100 (11.4%) 30 (7.8%) 0.054
<25.0 775 (88.6%) 353 (92.2%)
Placenta-to-birth-weight ratio (twin
excluded)
<10™ percentile 152 (17.7%) 65 (19.5%) 0.46
10""-100™ percentile 707 (82.3%) 268 (80.5%)
Mean (SD) Mean (SD) P value?
Paternal age at birth (yr) 33.5(5.7) 32.5(6.0) 0.0065
Maternal age at birth (yr) 31.7 (5.0) 30.7 (5.1) 0.0005
Paternal education (yr) 14.1 (2.6) 13.8 (2.8) 0.059
Maternal education (yr) 13.8 (1.8) 13.6 (2.2) 0.028
Household income (million JPY) 6.0 (2.7) 5.9(2.9) 0.41

SD, standard deviation; BMI, body mass index; JPY, Japanese Yen.
2¢-test for continuous variables and the chi-square test for categorical variables were used.



Supplementary Table S4. Association between possible risk factors and
neurodevelopmental transition patterns in the final model of multinomial logistic
regression after excluding infants with a clinical diagnosis of autism spectrum disorder
(n=26)

Transition from 3-Normals at time 1 (746)
Markedly Delayed at time

to 3-Normals at time 2 (673) Delayed at time 2 (62)

2(11)

Reference OR [95%CI] OR [95%CI]
Possible risk factors
Maternal overweight -
status at pre-pregnancy 2.6111.25,5.43] NA
Low maternal
education (y7) 1.23[1.06, 1.42] 1.08 [0.78, 1.49]
Male sex ® . 1.41[0.79, 2.51] 10.96 [2.47, 48.511™"
:g“;a“ for gestational 2.07[0.82, 5.22] 0.68 [0.056, 8.50]
Premature birth before -
37 weeks ® 1.16 [0.36, 3.81] 8.69 [1.74, 43.39]
Infant overweight -
status at 18 menths 1.65[0.62, 4.34] 8.8 2[1.88, 41.36]
Low placenta-to-
birthweight ratio . 1.52[0.74, 3.12] NA
(<10th percentile)?
Household income 0.90 [0.79, 1.01] 0.91 [0.66, 1.26]

(million JPY)?

Transition from Expressive Language Delayed at time 1 (17)
Markedly Delayed at time

to 3-Normals at time 2 (15) Delayed at time 2 (2)

2(0)
OR [95%CI] OR [95%CI] OR [95%ClI]

Possible risk factors
Maternal overweight 0.90 [0.11,7.31] NA NA
status at pre-pregnancy
Low maternal .
oo 1.23[1.01, 1.49] 3.12 [0.59, 16.66] NA
Male sex ® 1.17 [0.41, 3.33] NA NA
Sg“;a” for gestational 0.92 [0.11, 7.45] 33.23 [0.27, 3845.80] NA
Premature birth before 140.01 [0.0094, 2
37 weeks® NA 0652.31] NA
Infant overweight NA NA NA

status at 18 months



Low placenta-to-
birthweight ratio
(<10th percentile) *

Household income
(million JPY)?

2.90 [0.94, 8.94]

0.99 [0.82, 8.94]

NA

1.16 [0.92, 1.46]

NA

NA

Transition from Delayed at time 1 (22)

to 3-Normals at time 2 (8)

Delayed at time 2 (10)

Markedly Delayed at time

2(4)
OR [95%Cl] OR [95%CI] OR [95%ClI]
Possible risk factors
Maternal overweight 5.68 [1.08, 29.77]" 0.87 [0.088, 8.52] NA

status at pre-pregnancy

Low maternal
education (yr)

Male sex ?

Small for gestational
age

Premature birth before
37 weeks?

Infant overweight
status at 18 months

Low placenta-to-
birthweight ratio
(<10th percentile)?

Household income
(million JPY)?

1.05 [0.68, 1.63]

2.21[0.48, 10.02]

11.86 [2.42, 58.12]"**

2.65 [0.44, 15.75]

3.19 [0.24, 40.98]

1.58 [0.22, 11.17]

0.66 [0.54, 0.81]""*

1.28 [0.84, 1.92]

1.74 [0.43, 6.93]

NA

3.15[0.26, 37.25]

2.10[0.23, 18.94]

1.88 [0.40, 8.77]

0.74[0.53, 1.04]

2.01[1.08, 3.70]"

NA

NA

NA

NA

2.96 [0.38, 22.89]

1.11 [0.86, 1.43]

OR, odds ratio; CI, confidence interval; JPY, Japanese Yen; NA, not available.

2 included as covariates.

P <.05. P <.01. "™"P <.005. *™P <.001.
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Supplementary Table S5. Association between neurodevelopmental transition patterns
and adaptive behaviour at 40 months in linear regression analysis?® after excluding
infants with a clinical diagnosis of autism spectrum disorder (n=26)

Adaptive Behaviour Composite
standardised score

coefficient (95%Cl)

Transition patterns (n)

3-Normals to 3-Normals (646)
3-Normals to Delayed (59)
3-Normals to Markedly Delayed (10)
EL-Delayed to 3-Normals (14)
Delayed to 3-Normals (8)
EL-Delayed to Delayed (2)
EL-Delayed to Markedly Delayed (0)
Delayed to Delayed (10)

Delayed to Markedly Delayed (4)

reference
-7.52 [-9.41, -5.62]""""
-12.05 [-18.71, -5.40]"***
-2.44 [-5.24, 0.34]
0.47 [-4.44, 5.39]
-15.24 [-17.37, -13.11]"*

-0.85 [-13.47, -6.23]"**
-18.61 [-24.01, -13.22]"***

EL-Delayed, Expressive Language Delayed.

@ Covariates used in this analysis comprised infant's sex (male), premature birth (<37 weeks), low placenta-to-
birthweight ratio (<10 percentile), household income, maternal body mass index at pre-pregnancy (>25 kg/m?),
small for gestational age (<10% percentile), infant’s standardised body mass index at 18 months of age (>1 SD),

and maternal educational history.
TP <.001.
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