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Abstract: The current study aimed to explore the combined and individual effects of vitamin D
(VitD) status in three trimesters during pregnancy and cord blood (CB) on child growth trajectories
from birth to 4 years of age. Pregnant women (n = 1100) were recruited between 2013 and 2016 in
the Shanghai Birth Cohort (SBC) Study. A total of 959 mother–child dyads were included. VitD
status was measured by LC-MS/MS at three trimesters (T1, T2, T3) and CB. Children’s weight,
length/height, and head circumference were assessed at birth, 42 days, 6, 12, 24 months, and 4 years
of age, and standardized into z-scores [weight-for-age z-score (WAZ), length-for-age z-score (LAZ),
head circumference-for-age z-score (HCZ) and weight-for-length z-score (WLZ)]. Using the group-
based trajectory model (GBTM), the trajectories of the four growth parameters were categorized into
discrete groups. The generalized estimating equation (GEE) was employed to analyze the mixed
effect of 25(OH)D throughout pregnancy on growth trajectories. The association between 25(OH)D
status and each growth trajectory group was examined by multivariable logistic regression. Each
10 ng/mL increase in 25(OH) throughout three trimesters was not associated with four anthropometric
parameters. Each 10 ng/mL increase in VitD in T3 was associated with a lower risk in the WAZ
high-increasing trajectory (aOR: 0.75; 95% CI: 0.62, 0.91; p < 0.01). Each 10 ng/mL increase in VitD
in CB was associated with a lower risk in the WAZ high-increasing trajectory (aOR: 0.57; 95% CI:
0.43, 0.76; p < 0.01). No significant association was found between maternal or CB VitD and LAZ
or HCZ. Three trimesters’ VitD throughout pregnancy had no persistent effect on the offspring’s
growth trajectory. However, higher VitD status in the third trimester and CB related to a lower risk of
high-increasing WAZ from birth to 4 years of age. Elevated VitD levels in late pregnancy and cord
blood may protect against continuous early-life weight growth at high levels.

Keywords: maternal vitamin D; cord blood vitamin D; growth trajectory; group-based trajectory
model (GBTM); children

1. Introduction

Vitamin D (VitD) is well-known as a fat-soluble steroid hormone for its crucial ef-
fects on maintaining extra-skeletal health [1,2]. VitD plays a crucial role in growth and
development due to its substantial contribution to cellular growth, differentiation, and
maturation processes [3]. A deficiency in vitamin D can potentially disrupt calcium equi-
librium, bone mineralization, and fat metabolism, which are all integral elements for
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fetal growth and development [4]. The impact of maternal or cord blood (CB) VitD on
offspring body size and obesity in early childhood and later life has gained growing at-
tention in recent years [2,5]. The association between maternal or CB VitD levels and
childhood growth remains unclear and differs across various developmental stages [6,7].
Previous studies have mainly suggested that maternal VitD status was negatively associ-
ated with the risk of low birth weight [6], elevated whole body fat mass in neonates [8],
increased body mass index (BMI) z-score, and central obesity in school-aged children [9].
Nevertheless, conflicting evidence is still emerging. The Danish birth cohort [7] and the
Chinese prospective study [10] reported no significant association in children from birth
to 3 years of age. Beyond indicators of adiposity, the influence of maternal or cord blood
Vitamin D levels on other growth parameters, such as length and head circumference, is
seldom explored.

Prior studies focused on the relationship between maternal or CB VitD concentration
and one-time or several times static anthropometric measures rather than constructing
dynamic growth trajectory. Tracking and identifying unfavorable growth trajectories in
early childhood might capture the physical health problems in later life [11–13]. Growing
evidence strongly suggests that rapid and increased growth patterns during early childhood
can potentially forecast obesity in later childhood and adulthood [14,15]. Adipogenesis,
starting in utero and accelerating during the neonatal period, is currently acknowledged as
a crucial factor influencing the rapid increase in global obesity or type 2 diabetes mellitus
prevalence [16]. Therefore, linking modifiable early risk factors during the fetal period
and offspring growth trajectories may offer new perspectives for designing preventive
strategies [15].

The impact of VitD status across all three trimesters on children’s growth trajectory
has not been previously reported. Earlier studies examined VitD status during individual
trimesters, such as the first (T1) [17], second (T2) [18], and third trimester (T3) [19], instead
of evaluating all three trimesters in detail. Only one cohort collected VitD status four times
and explored their relation to neonatal size outcomes, discovering that the associations
were dependent on the timing of VitD measurements [20]. However, further investigation
is needed to understand the interaction between VitD levels in all three trimesters, as well
as the actual effect of a single trimester and the ongoing influence of maternal VitD.

The current study aimed to characterize distinct growth trajectories of children from
birth to 4 years of age and subsequently examine the combined effect and separate effect of
three trimesters’ maternal VitD and CB VitD on identified growth trajectories, by utilizing
the Shanghai Birth Cohort (SBC), which includes three trimesters’ VitD data and regular
anthropometry follow-up visits.

2. Materials and Methods
2.1. Study Participants

Participants were derived from the SBC study and the cohort’s characteristics were pre-
viously detailed [21]. The criteria for inclusion in our study required completed 25(OH)D
measurements during early pregnancy (<16 weeks, T1), mid-pregnancy (24–28 weeks,
T2), late pregnancy (32–36 weeks, T3), and CB. Additionally, child follow-up physical
measurements were needed at least three times from birth to 4 years of age (at birth,
42 days, 6, 12, 24 months, and 4 years of age). Exclusion criteria were miscarriage, stillbirth,
and migration out of the municipality. Figure 1 illustrates the flowchart of participants
eligible for analysis. A total of 1100 out of the 4127 pregnant women were randomly
chosen. Of them, 1086 at T1, 983 at T2, 960 at T3, 946 in CB finished 25(OH)D measurement.
Children with at least three times four growth indicators from birth to 4 years of age
were included in the study population. Finally, there were 959, 950, 859, and 948 partici-
pants included for weight, length, head circumference, and weight-for-length statistical
analysis, respectively.
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Figure 1. Flowchart of the study participants in Shanghai Birth Cohort (SBC), Shanghai, China, recruited from 2013 to 2016. T1, early pregnancy; T2, middle 
pregnancy; T3, late pregnancy; and CB, cord blood. 

Figure 1. Flowchart of the study participants in Shanghai Birth Cohort (SBC), Shanghai, China, recruited from 2013 to 2016. T1, early pregnancy; T2, middle
pregnancy; T3, late pregnancy; and CB, cord blood.
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All the participants signed written informed consent. The research was approved by
the Ethics Committees of Xinhua Hospital affiliated with Shanghai Jiao Tong University
School of Medicine (XHEC-C-3-001-3). The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline was adhered to in this study.
(https://www.strobe-statement.org/checklists/) (accessed on 1 July 2018).

2.2. 25-Hydroxyvitamin D Measurements

Blood samples gathered during the three trimesters of pregnancy and cord blood
were separated via centrifugation and stored in vials at a temperature of −20 ◦C. Sensitive
liquid chromatography–tandem mass spectrometry (LC-MS/MS) (Agilent Technologies
Inc., Santa Clara, CA, USA) was used to analyze the serum samples (100 µL) in accordance
with the protocol described in our current investigation [22]. For 25(OH)D2 and 25(OH)D3,
the sensitivity level of the LC-MS/MS test was 0.05 ng/mL and 0.10 ng/mL, respectively.
For every set of samples, at least two quality control measures were taken. The sum of
25(OH)D2 and 25 (OH)D3 was used to compute the overall 25(OH)D concentration.

We referred to the Institution of Medicine (IOM) [23] and the Endocrine Society
for reference values of VitD in pregnant women [24]. We classified the maternal VitD
status as deficiency (< 20 ng/mL), insufficiency (≥20 ng/mL, <30 ng/mL), and sufficiency
(≥30 ng/mL). As for CB VitD, based on the widely recognized guidelines for the general
public and the results of current research on newborns [24,25], CB 25(OH)D concentration
below 12 ng/mL, ≥12 ng/mL, <20 ng/mL, and ≥20 ng/mL is indicated as deficient,
insufficient, and sufficient, respectively. The criteria we referenced are consistent with those
in our previous study [26]. Average VitD status during three trimesters was calculated as
the mean 25(OH)D value of three VitD measured time points.

2.3. Anthropometric Measurements

Weight, length/height, and head circumference were measured when children were
at birth, 42 days, 6, 12, 24 months, and 4 years of age by trained nurses who were blinded
to the 25(OH)D measurement. The precision of the weight was 0.1 kg, while the head
circumference and length/height were both within 0.1 cm. Using the World Health Or-
ganization (WHO) Anthro Packages, the raw data on weight, length/height, and head
circumference were transformed into weight-for-age (WAZ), length-for-age (LAZ), head
circumference-for-age (HCZ), and weight-for-length z-score (WLZ) [27].

2.4. Covariates

All participants were interviewed by the trained research assistant. A set of question-
naires disseminated to the mother during pregnancy and follow-up visits were collected,
including maternal age at delivery, maternal prepregnancy body mass index (BMI), mater-
nal educational level, prepregnancy weight, postpartum weight, and history of gestational
diabetes mellitus (GDM). Additional significant factors, such as child sex, birth type, and
delivery mode, were extracted from hospital medical records. The postpartum weight at
delivery less the prepregnancy weight was used to calculate gestational weight gain.

2.5. Statistical Analyses

The group-based trajectory model (GBTM) was used to construct growth trajectories
from birth to 4 years of age. GBTM is mainly used to explore the heterogeneity in the
longitudinal data and there are several potential subgroups with different developmental
trajectories. All participants are assumed to be from the same population; however, they
are divided into different groups based on their differences in growth [28].

Following model selection suggestions from previous studies [29], we identified the
growth trajectories over time. The selection of the optimal number of trajectory groups and
the power of the polynomial are decided according to the Bayesian information criteria
(BIC). When performing the fitting, the fitting is usually started from the lower power or
fewer number of trajectory groups, and lower power or fewer number of trajectory groups

https://www.strobe-statement.org/checklists/
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are defined as the null model, and models with increasing powers or trajectory groups
are called the complex model. The fitting effect of the two models is judged by 2∆BIC
[2∆BIC = 2 (BIC complex model − BIC null model)]. If 2∆BIC < 2, the null model is accepted;
if 2∆BIC ≥ 2, the complex model is accepted. We developed models containing varying
numbers of trajectory groups (ranging from one to five) using a quadratic form for all
trajectories, as shown in Supplementary Table S1. We then calculated the corresponding
BICs. The quadratic function employed at this stage aided in identifying the ideal number
of groups. We chose a 3-4-3-3 group-based trajectory model to describe WAZ, LAZ, HCZ,
and WLZ trajectories. A higher BIC signifies a superior model fit, with 2∆BIC < 2 indicating
insufficient evidence against the null model, which was solely used for determining the
optimal group number. Subsequently, we identified the best trajectory shapes that accu-
rately represented the observed trajectories. We tested linear, quadratic, cubic, quartic, and
quintic functions for this purpose (Supplementary Table S2). Ultimately, the cubic function
was chosen to characterize the trajectory shape of WAZ, LAZ, and LAZ, while the linear
function was used for HCZ. Upon determining the ideal number of trajectory groups and
the appropriate trajectory shape, we visually depicted the trajectories.

Next, we described the distribution of VitD status and maternal–child characteristics
selected for analysis according to the four growth measurements. The generalized estimat-
ing equation (GEE) was employed to investigate the mixed effect of maternal VitD status
throughout three trimesters on growth trajectories. Then, multivariable logistic regression
was employed to explore the association of maternal VitD status (both each 10 ng/mL
change and categorization) in three trimesters, CB and average VitD during pregnancy
with growth trajectory outcomes after adjustment for confounders. A priori selection or
univariate analysis revealed potential confounders such as child sex, delivery mode, gesta-
tional weight increase, maternal age, maternal education level, and pre-pregnancy BMI.
We performed stratified analyses to assess the potential impact of child sex and maternal
age (categorized as <30 or ≥30 years) on offspring growth, as well as to determine if these
factors modify the associations between VitD status and anthropometric outcomes.

The GBTM was executed utilizing PROC TRAJ in SAS, while additional analyses
were carried out in Empower (R) (www.empowerstats.com, X&Y solutions, Inc., Boston,
MA, USA) and R 3.5.1 (http://www.R-project.org) (accessed on 31 December 2020). All p
values were derived from a two-tailed test, and a p value of < 0.05 signified a statistically
significant difference. Moreover, the p value was adjusted with Bonferroni correction in
multiple tests.

3. Results

Table 1 displays the VitD distribution and maternal–child characteristics. The mean
± SD of VitD concentration in T1, T2, T3, and CB is 26.16 ± 10.20 ng/mL, 31.93 ± 11.37
ng/mL, 35.75 ± 13.33 ng/mL, and 19.87 ± 9.07 ng/mL, respectively. Most of the recruited
women are aged between 25 to 30 years, with a college degree or above (70.36%), and have
normal prepregnancy BMI (91.27%), and no gestational diabetes mellitus (GDM) history
(84.34%).

Table 1. Distribution of vitamin D status and maternal–child characteristics selected for analysis in
Shanghai Birth Cohort, Shanghai, China, recruited from 2013 to 2016.

Characteristics
Overall (959) LAZ (n = 950) WAZ (n = 959) HCZ (n = 895) WLZ (n = 948)

n (%) n (%) n (%) n (%) n (%)

Serum 25(OH)D (ng/mL)
25(OH)D at T1 (Mean ± SD) 26.16 ± 10.20 26.18 ± 10.18 26.16 ± 10.20 25.96 ± 10.13 26.15 ± 10.18
25(OH)D at T2 (Mean ± SD) 31.93 ± 11.37 31.91 ± 11.37 31.93 ± 11.37 31.74 ± 11.37 31.88 ± 11.35
25(OH)D at T3 (Mean ± SD) 35.75 ± 13.33 35.78 ± 13.32 35.75 ± 13.33 35.59 ± 13.33 35.75 ± 13.31
25(OH)D in CB (Mean ± SD) 19.87 ± 9.07 19.91 ± 9.09 19.87 ± 9.07 19.85 ± 9.09 19.90 ± 9.10
25(OH)D categories at T1 (ng/mL)

www.empowerstats.com
http://www.R-project.org
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Table 1. Cont.

Characteristics
Overall (959) LAZ (n = 950) WAZ (n = 959) HCZ (n = 895) WLZ (n = 948)

n (%) n (%) n (%) n (%) n (%)

<20 291 (30.86) 288 (30.84) 291 (30.86) 277 (31.51) 288 (30.90)
≥20, <30 309 (32.77) 305 (32.66) 309 (32.77) 289 (32.88) 305 (32.73)
≥30 343 (36.37) 341 (36.51) 343 (36.37) 313 (35.61) 339 (36.37)
25(OH)D categories at T2 (ng/mL)
<20 142 (16.38) 141 (16.41) 142 (16.38) 137 (16.91) 141 (16.45)
≥20, <30 251 (28.95) 249 (28.99) 251 (28.95) 236 (29.14) 249 (29.05)
≥30 474 (54.67) 469 (54.60) 474 (54.67) 437 (53.95) 467 (54.49)
25(OH)D categories at T3 (ng/mL)
<20 112 (11.99) 111 (11.97) 112 (11.99) 106 (12.17) 111 (12.00)
≥20, <30 218 (23.34) 214 (23.09) 218 (23.34) 204 (23.42) 214 (23.14)
≥30 604 (64.67) 602 (64.94) 604 (64.67) 561 (64.41) 600 (64.86)
25(OH)D categories in CB (ng/mL)
<12 182 (18.98) 180 (18.95) 182 (18.98) 173 (19.35) 180 (18.99)
≥12, <20 370 (38.58) 365 (38.42) 370 (38.58) 343 (38.37) 365 (38.50)
≥20 407 (42.44) 405 (42.63) 407 (42.44) 378 (42.28) 403 (42.51)

Maternal characteristics
Maternal age (y)

<25 76 (8.08) 76 (8.14) 76 (8.08) 74 (8.42) 76 (8.15)
≥25, <30 520 (55.26) 515 (55.14) 520 (55.26) 488 (55.52) 513 (55.04)
≥30, <35 289 (30.71) 287 (30.73) 289 (30.71) 264 (30.03) 287 (30.79)
≥35 56 (5.95) 56 (6.00) 56 (5.95) 53 (6.03) 56 (6.01)

Maternal educational level
Below high school 71 (7.57) 70 (7.52) 71 (7.57) 67 (7.65) 70 (7.53)
High school 207 (22.07) 207 (22.23) 207 (22.07) 194 (22.15) 206 (22.17)
College 524 (55.86) 520 (55.85) 524 (55.86) 491 (56.05) 519 (55.87)
Bachelor’s degree or above 136 (14.50) 134 (14.39) 136 (14.50) 124 (14.16) 134 (14.42)

Prepregnancy BMI (kg/m2)
<18.5 141 (15.02) 141 (15.13) 141 (15.02) 136 (15.51) 141 (15.16)
≥18.5, <25 716 (76.25) 709 (76.07) 716 (76.25) 664 (75.71) 707 (76.02)
≥25 82 (8.73) 82 (8.80) 82 (8.73) 77 (8.78) 82 (8.82)

Gestational weight gain (kg)
<12 386 (42.60) 383 (42.51) 386 (42.60) 362 (42.69) 382 (42.49)
≥12, <15 289 (31.90) 288 (31.96) 289 (31.90) 268 (31.60) 288 (32.04)
≥15, <18 155 (17.11) 155 (17.20) 155 (17.11) 146 (17.22) 155 (17.24)
≥18 76 (8.39) 75 (8.32) 76 (8.39) 72 (8.49) 74 (8.23)

GDM
No 754 (84.34) 749 (84.35) 754 (84.34) 703 (84.09) 747 (84.31)
Yes 140 (15.66) 139 (15.65) 140 (15.66) 133 (15.91) 139 (15.69)

Child characteristics
Child gender

Male 496 (51.72) 492 (51.79) 496 (51.72) 465 (52.01) 491 (51.79)
Female 463 (48.28) 458 (48.21) 463 (48.28) 429 (47.99) 457 (48.21)

Delivery mode
Natural delivery 553 (60.44) 547 (60.24) 553 (60.44) 514 (60.12) 545 (60.15)
Cesarean delivery 362 (39.56) 361 (39.76) 362 (39.56) 341 (39.88) 361 (39.85)

Breastfeeding duration
<6 months 147 (25.70) 146 (25.66) 147 (25.70) 139 (25.32) 146 (25.70)
≥6 months 425 (74.30) 423 (74.34) 425 (74.30) 410 (74.68) 422 (74.30)

WAZ, weight-for-age z-score; LAZ, length-for-age z-score; HCZ, head circumference-for-age z-score WLZ, weight-
for-length z-score; BMI, body mass index; T1, early pregnancy; T2, middle pregnancy; T3, late pregnancy;
CB, cord blood; GDM, gestational diabetes mellitus.

The original anthropometric measurement values and their corresponding z-scores
can be found in Supplementary Table S3. The GBTM revealed distinct trajectory groups
for the four growth parameters, with the trajectories for each group illustrated in Figure 2.
The trajectories were named based on their initial values (high, moderate, low) and fol-
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lowing patterns (increasing, stable, decreasing). WAZ was categorized into three groups:
low-stable (n = 220, 22.94%), moderate-increasing (n = 543, 56.52%), and high-increasing
(n = 197, 20.54%). LAZ was categorized into four groups: low-decreasing (n = 133, 14.00%),
low-stable (n = 402, 42.32%), moderate-increasing (n = 340, 35.79%), and high-increasing
(n = 75, 7.89). HCZ was categorized into three groups: low-stable (n = 232, 25.92%),
moderate-increasing (n = 552, 61.68%), and high-increasing (n = 111, 12.40%). WLZ was
categorized into three groups: low-increasing (n = 331, 34.92%), moderate-increasing
(n = 560, 59.07%), and high-increasing (n = 57, 6.01%) (Supplementary Table S4).
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Table 2 presents the persistent effect of maternal VitD status in three trimesters on
growth trajectory groups. No significant mixed effect of maternal VitD on all growth
parameters was observed. Also, no notable relationship was identified between the average
VitD levels across the three trimesters and the four growth parameters (Supplementary
Table S5). Table 3 shows the associations between maternal VitD at each trimester and CB
and growth trajectories. After adjusting maternal age, maternal education, pre-pregnancy
BMI, gestational weight gain, delivery mode, and child sex, each 10 ng/mL VitD increase
in the third trimester was associated with a lower risk of WAZ high-increasing trajectory
(aOR: 0.75; 95% CI: 0.62, 0.91; p < 0.01). Each 10 ng/mL VitD increase in CB was associ-
ated with a lower risk of WAZ high-increasing trajectory (aOR: 0.57; 95% CI: 0.43, 0.76;
p < 0.01). After categorizing the VitD status into deficient and insufficient, and sufficient
groups (Supplementary Table S6), compared with T3 sufficient group (≥30 ng/mL), VitD <
30 ng/mL in T3 significantly increased the risk of WAZ high-increasing trajectory (aOR:
2.04; 95% CI: 1.27, 3.26; p < 0.01), WLZ high-increasing trajectory (aOR: 2.97; 95% CI: 1.51,
5.82; p < 0.01). When compared to the CB VitD status ≥20 ng/mL group, CB VitD levels
<20 ng/mL were linked to a higher risk of the WAZ high-increasing trajectory (aOR: 2.58;
95% CI: 1.60, 2.02; p < 0.01), the LAZ moderate-increasing trajectory (aOR: 1.56; 95% CI:
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1.13, 2.14; p < 0.01), and the WLZ moderate-increasing trajectory (aOR: 1.50; 95% CI: 1.12,
4.16; p = 0.02). There was no notable correlation between VitD levels in T3 or CB and HCZ.
Additionally, there was no significant relationship between 25(OH)D levels in T1, T2, and
the four growth parameter trajectories.

Table 2. The persistent effect of maternal vitamin D status throughout pregnancy on growth trajecto-
ries was analyzed with the generalized estimating equation (GEE).

Growth Trajectories 25(OH)D, 10 ng/mL

OR (95% CI) p

Weight-for-age z-score (WAZ)
Low-stable (n = 220) Reference
Moderate-increasing (n = 543) 1.04 (0.94,1.15) 0.82
High-increasing (n = 197) 0.87 (0.76,0.99) 0.08

Length-for-age z-score (LAZ)
Low-stable (n = 402) Reference
Low-decreasing (n = 133) 1.03 (0.91,1.17) 1.00
Moderate-increasing (n = 340) 0.94 (0.86, 1.03) 0.60
High-increasing (n = 75) 1.07 (0.93, 1.24) 1.00

Head circumference-for-age z-score (HCZ)
Moderate-increasing (n = 552) Reference
Low-stable (n = 232) 0.99 (0.90, 1.09) 1.00
High-increasing (n = 111) 1.00 (0.88, 1.14) 1.00

Weight-for-length z-score (WLZ)
Low-increasing (n = 331) Reference
Moderate-increasing (n = 560) 0.95 (0.87, 1.04) 0.50
High-increasing vs. (n = 57) 1.00 (0.93, 1.07) 1.00

WAZ, weight-for-age z-score; LAZ, length-for-age z-score; HCZ, head circumference-for-age z-score WLZ, weight-
for-length z-score. p was adjusted with Bonferroni correction.

Table 3. Odds ratio (OR) and 95% confidence interval (CI) for trajectory groups in each anthropomet-
rical measure according to per 10 ng/mL increase in 25(OH)D level (continuous variables).

Trajectory Groups
T1, 10 ng/mL T2, 10 ng/mL T3, 10 ng/mL CB, 10 ng/mL

Adjusted OR
(95% CI) p Adjusted OR

(95% CI) p Adjusted OR
(95% CI) p Adjusted OR

(95% CI) p

WAZ
Low-stable (n = 220) Reference Reference Reference Reference
Moderate-increasing
(n = 543) 1.06 (0.90, 1.25) 0.84 1.01 (0.87, 1.17) 1.00 1.05 (0.92, 1.20) 0.90 0.82 (0.69, 0.98) 0.06

High-increasing (n = 197) 1.01 (0.81, 1.26) 1.00 0.91 (0.74, 1.12) 0.74 0.75 (0.62, 0.91) <0.01 0.57 (0.43, 0.76) <0.01

LAZ
Low-stable (n = 402) Reference Reference Reference Reference
Low-decreasing (n = 133) 1.04 (0.85, 1.28) 1.00 1.04 (0.86, 1.25) 1.00 1.10 (0.95, 1.28) 0.63 1.15 (0.93, 1.42) 0.63
Moderate-increasing
(n = 340) 0.98 (0.84, 1.15) 1.00 0.95 (0.82, 1.11) 1.00 0.94 (0.83, 1.06) 0.96 0.81 (0.67, 0.96) 0.06

High-increasing vs.
low-stable (n = 75 vs.
n = 402)

1.20 (0.94, 1.54) 0.42 1.07 (0.83, 1.37) 1.00 1.01 (0.81, 1.25) 1.00 0.84 (0.60, 1.16) 0.84

HCZ
Moderate-increasing
(n = 552) Reference Reference Reference Reference

Low-stable (n = 232) 0.94 (0.80, 1.11) 1.00 1.03 (0.88, 1.20) 1.00 0.96 (0.85, 1.09) 1.00 1.08 (0.91, 1.28) 0.80
High-increasing (n = 111) 0.96 (0.60, 1.53) 1.00 0.74 (0.47, 1.16) 0.38 1.02 (0.64, 1.63) 1.00 1.21 (0.77, 1.90) 0.80
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Table 3. Cont.

Trajectory Groups
T1, 10 ng/mL T2, 10 ng/mL T3, 10 ng/mL CB, 10 ng/mL

Adjusted OR
(95% CI) p Adjusted OR

(95% CI) p Adjusted OR
(95% CI) p Adjusted OR

(95% CI) p

WLZ
Low-increasing (n = 331) Reference Reference Reference Reference
Moderate-increasing
(n = 560) 0.99 (0.85, 1.14) 1.00 1.00 (0.87, 1.14) 1.00 0.93 (0.83, 1.05) 0.48 0.85 (0.72, 1.00) 0.08

High-increasing (n = 57) 1.10 (0.81, 1.48) 1.00 0.73 (0.53, 1.00) 0.10 0.77 (0.59, 1.01) 0.12 0.64 (0.42, 0.98) 0.08

Adjusted maternal age, maternal education, pre-pregnancy BMI, gestational weight gain, delivery mode, and
child sex. WAZ, weight-for-age z-score; LAZ, length-for-age z-score; HCZ, head circumference-for-age z-score
WLZ, weight-for-length z-score; T1, early pregnancy; T2, middle pregnancy; T3, late pregnancy; CB, cord blood. p
was adjusted with Bonferroni correction.

The gender stratification analysis is presented in Supplementary Table S7. For males,
each 10 ng/mL VitD increase in T3 significantly related to reduced risk of the WAZ high-
increasing group (aOR: 0.67; 95% CI: 0.50, 0.88; p = 0.01); each 10 ng/mL VitD increase in
CB significantly related to reduced risk of the WAZ moderate-increasing group (aOR: 0.76;
95% CI: 0.60, 0.96; p = 0.04) and WAZ high-increasing group (aOR: 0.46; 95% CI: 0.30, 0.70;
p < 0.01). Supplementary Table S8 demonstrates the analysis stratified by maternal age. In
the maternal age < 30 group, each VitD 10 ng/mL increase in CB was associated with a
lower risk of the WAZ high-increasing group (aOR: 0.61; 95% CI: 0.42, 0.89; p = 0.02). In the
maternal age ≥ 30 group, each VitD increase in T3 (aOR: 0.63; 95% CI: 0.44, 0.89; p < 0.01)
and CB (aOR: 0.54; 95% CI: 0.34, 0.83; p < 0.01) was associated with a lower risk of being in
the WAZ high-increasing group.

4. Discussion

To our knowledge, this is the first study to investigate the combined and individual
effect of VitD status at three trimesters during pregnancy and CB on postnatal growth
parameter trajectories in the first 4 years of life. By using the novel GBTM model, we
characterized postnatal WAZ, LAZ, HCZ, and WLZ from birth to 4 years of age into
distinct trajectories. VitD status throughout the three trimesters was not significantly
associated with postnatal growth trajectories. However, we found higher VitD status
in the third trimester and CB was significantly related to a lower risk of the WAZ high-
increasing trajectory.

Our study found lower VitD status in the third trimester and CB was significantly
related to the WAZ high-increasing trajectory from birth to 4 years of age. To our knowledge,
only two longitudinal studies examined how VitD concentration during pregnancy may
influence postnatal BMI trajectories [10,30]. A Swedish cohort study categorized infant
BMI growth patterns from birth to 2 years into two groups: a stable normal and a stable
high class, using growth mixture modeling (GMM) [30]. Their findings indicated that
maternal 25(OH)D levels at or below 30 ng/mL might be linked to the stable high class
of BMI growth trajectory. Another study was conducted in China, which identified stable
moderate and early transient BMI-Z groups from birth to 2 years of age with a latent class
growth mixture (LCGM) model, however, this study produced null associations [10]. The
two studies did not thoroughly investigate other growth factors like weight, length, and
head circumference, and concentrated on the vague periods of maternal VitD status and
BMI trajectory during the first 2 years of life. By using a different and novel trajectory
model, our study provided further evidence by showing the association between maternal
VitD concentration at each trimester as well as throughout the entire pregnancy, and four
growth parameters trajectories from birth to 4 years of age. We ascertained that while there
was no lasting impact of VitD status from all three trimesters on growth patterns, VitD
status in late pregnancy and CB is crucial in regulating weight trajectories.
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Only two existing studies have reported the associations between the repeatedly
measured maternal VitD status and postnatal growth, but none of them examined the
persistent effect of VitD throughout pregnancy or the interactions of maternal VitD in
different trimesters. Our study first reported that VitD throughout three trimesters has
no persistent effect on offspring growth trajectories. The NICHD Fetal Growth Studies–
Singleton’s cohort collected four times VitD concentrations during pregnancy to investigate
the relation to neonatal anthropometry and observed the associations between maternal
VitD, and the sum of skinfolds and neonatal birth-weight z-score were specific to gestational
weeks of 25(OH)D assessed, pointing out that VitD plays its role in neonatal anthropometry
in each trimester [20]. The Odense Child Cohort collected blood samples both in CB, early
and late pregnancy, however, no association between 25(OH)D concentrations and body fat
or adiposity was found in children at 3 years of age [7]. The two above-mentioned studies
performed the point-to-point analysis of maternal VitD and physical growth over time
instead of analyzing the continuous effect of maternal VitD and the dynamic growth pattern.
Other explanations include the study population’s variability, mothers’ life habits [31], the
interaction impact between VitD and other variables, as well as other confounding factors,
such as the effect of VitD supplements during pregnancy and after birth. Further studies
are needed to clarify the lasting impact and the interplay of maternal VitD on the growth
of offspring and to pinpoint the crucial period for introducing VitD interventions while
taking into account a wider range of contributing factors.

We identified VitD in the third trimester and CB was negatively associated with
postnatal weight pattern, as each 10 ng/mL increase in VitD at two stages considerably
lowered the risk of the WAZ high-increasing growth trajectory. Maternal VitD at late
pregnancy had the strongest correlation with VitD status in CB [26,32], determining the
baseline VitD status for postnatal growth; therefore, it is reasonable to find that VitD in CB
also has a great effect on postnatal weight growth. The physiological reality that muscle and
bone development start in early pregnancy, while the fetus primarily gains weight through
fat mass accumulation in late pregnancy, could partially contribute to this outcome [33]. So,
the nutrients or nutrition can be fully utilized in late pregnancy to promote fat increase,
leading to weight gain. Another possible explanation for that might be the modifiable
effect of maternal dietary intake during pregnancy because carbohydrate intake at late but
not early gestation was positively associated with fat mass at birth and after birth [34,35].
In our study, the maternal intake of food components during pregnancy was not able to
be calculated in detail, which limited our study to estimate the effect of the interaction
between other elements in the diet and VitD on overweight or obesity in the offspring. VitD
in the third trimester is particularly important for children with mothers above 30 years of
age, while CB VitD is equally essential for children’s WAZ trajectory irrespective of their
mother’s age.

Though no significant association was found between maternal or CB VitD and LAZ,
HCZ. The differential sex effect of VitD status on HCZ was observed in this study. Partic-
ularly for males, higher CB VitD status is associated with a lower risk of high-increasing
HCZ trajectory. Our finding aligns with a prior study that demonstrated a relation be-
tween higher CB 25(OH)D levels and reduced head circumference at 6 and 12 months [17].
Conflicting results have been reported, indicating that CB VitD levels did not show any
association with infant length or head circumference at any stage between 3 months and
24 months [36] or 4 years of age [37], while other reported daily maternal VitD supple-
mentation significantly increased head circumference [38]. Different ages, the prevalence
of VitD deficiency, and racial differences may explain the above-mixed findings. Further
study on this issue is needed. CB VitD is negatively associated with moderate-increasing
LAZ trajectory in children with mothers aged below 30. That means appropriate VitD
concentration could prevent excessive as well as slow length/height growth. For infants
and toddlers, it is primarily reported that maternal and CB VitD status was negatively
correlated with LAZ [17,36,39].
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Our study pointed out the importance of vitamin D status in late pregnancy and
cord blood and its associations with offspring growth and weight gain. Considering
the low vitamin D supplement rate in pregnant women, which was 8.97 % in Chinese
National Nutrition Surveillance 2010–2012 and 2015–2017 [40], this research highlights
the significance of maintaining adequate vitamin D status during the third trimester and
encourages the healthcare professionals to raise awareness among expectant mothers about
the necessity of consistent vitamin D supplementation as advised by the Chinese Nutrition
Medicine Association. Furthermore, this study underscores the value of monitoring growth
patterns, which can help predict weight gain trends and provide pediatricians with essential
information for offering feeding guidance or other recommendations to prevent the onset
of obesity.

A major strength of our study is that it is the most comprehensive study to date
to investigate the associations of maternal VitD status at three trimesters and CB and
postnatal growth trajectories. In addition, we applied GBTM to characterize postnatal
growth trajectories from birth to 4 years old, which allows for identifying heterogeneous
subgroups and compensates for studies of consecutive single time points. Another novelty
of the study is the well-designed prospective multi-center study with a representative
population sample and extensively collected covariates, including maternal age, maternal
education, prepregnancy BMI, etc.

There are several limitations to be considered. First, the participant’s inclusion crite-
rion that all should have at least measurements of weight and length/height might induced
potential selection bias since we excluded participants with less than three times measure-
ments. Second, although we have examined confounding factors as comprehensively as
possible, residual and unknown confounding cannot be ruled out, such as maternal diet
and lifestyle habits during pregnancy. Third, due to the possibility of misclassification of
GBTM, as well as other trajectory analysis methods, trajectory explanation to each indi-
vidual should be cautious. Although these results are encouraging, their applicability is
restricted, and it would be advantageous to collect data from a broader range of populations
in terms of ethnicity and geographical location. Lastly, more information regarding VitD
supplementation, dietary intake, and sunlight exposure after birth are also contributors to
after-birth VitD status, which is equally important for child growth after birth.

5. Conclusions

Maternal vitamin D status in three trimesters throughout pregnancy may not have a
persistent effect on the offspring’s dynamic growth trajectory. However, higher vitamin D
status in the third trimester and the cord blood is associated with a reduced risk of the WAZ
high-rising trajectory from birth to 4 years of age, signifying a lower likelihood of obesity
later in life. Further research is necessary to explore the long-term association between
maternal vitamin D concentrations and high-rising WAZ outcomes, as well as the most
effective period for vitamin D intervention during pregnancy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu16152410/s1, Table S1: Bayesian information criterion
(BIC) and 2∆BIC for model selection in group-based trajectory model (GBTM); Table S2: Polynomial
power for model selection in group-based trajectory model (GBTM); Table S3: Anthropometric mea-
sures in children at birth, 42 days, 6 months, 12 months, 24 months and 48 months; Table S4: The
number of participants in each trajectory; Table S5: Odds ratio (OR) and 95% confidence interval (CI)
for trajectory groups in each anthropometrical measure according to per 10ng/mL increase in average
25(OH)D level throughout pregnancy; Table S6: Odds ratio (OR) and 95% confidence interval (CI) for
trajectory groups of weight-for-age length-for-age, weight-for-length and head-circumference-for-age
according to 25(OH)D levels (categorical variables); Table S7: Adjusted Odds ratio (OR) and 95%
confidence interval (CI) for trajectory groups according to 25(OH)D levels (stratified by gender); Table
S8: Adjusted Odds ratio (OR) and 95% confidence interval (CI) for trajectory groups according to
25(OH)D levels (stratified by maternal age).
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