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BACKGROUND: Leucocytes for individuals during pregnancy may form into different trajectory patterns. Since no studies have
been conducted, we aim to examine the associations between leucocyte trajectory across pregnancy and offspring’s birth

outcomes and growth during the first 2 years.

METHODS: We conducted a retrospective study enrolled 1070 singleton pregnancies aged 21-46 years old between 2014 and
2018 in Huazhong University of Science and Technology Union Shenzhen Hospital, China. Leucocyte trajectories were modelled
using growth mixture modelling and four trajectories were identified: moderate-increasing (n = 41), low-stable (n = 828), high-

decreasing (n = 145) and low-increasing (n = 56).

RESULTS: Relative to the low-stable group, logistic regression analysis after adjusting for covariates indicated that the odds ratios of
preterm were 3.06 (95% confidence interval (Cl): 1.43-6.23) for moderate-increasing, 0.78 (95% Cl: 0.38-1.47) for high-decreasing
and 0.68 (95% Cl: 0.23-1.61) for the low-increasing group, respectively. By using generalized estimating equation analysis, we
observed that infants in the moderate-increasing and low-increasing group had —0.35 and —0.21 (P < 0.01) lower head
circumference z-score compared with the low-stable group, respectively. No significant association of leucocyte trajectory with
other birth weight measures or anthropometric measure z-scores was found.

CONCLUSIONS: Changes in leucocytes across pregnancy affected the occurrence of preterm and offspring’s head circumference

during the first 2 years of life.

Pediatric Research (2022) 92:862-870; https://doi.org/10.1038/s41390-021-01827-6

IMPACT:

® Previous researches on the association of leucocytes with pregnancy outcomes mainly focused on leucocytes in a specific

trimester.

® No studies until now have been conducted to assess the influences of the leucocyte trajectories on the growth and

development of infants.

® Changes in leucocytes across pregnancy affected the occurrence of preterm and offspring’s head circumference during the first

2 years of life.

® Our study will positively contribute to the dialogue regarding the treatment of pregnancies with different levels of
inflammation in each trimester to minimize adverse pregnancy outcomes and optimize brain growth.

INTRODUCTION

Maternal health during gestational development not only exerts
long-lasting effects on the health consequences of the mother
herself later in life but also has the capacity to contribute
substantially to the offspring’s lifelong health through an altered
in utero environment.! Previous studies have suggested that
systematic inflammation played an important role in the
pathophysiology of common and serious pregnancy events.?
Leucocyte, a marker of subclinical inflammation that can be easily
and inexpensively determined, has been included in the common

perinatal screening tests instead of tumour necrosis factor-alpha
and C-reactive protein in China. To investigate the impacts of
leucocytes on birth outcomes and infants’ growth are worthier of
clinical application and promotion.

There is increasing evidence suggesting that raising leucocytes
can drive adverse birth events, including loss of pregnancy,
preterm birth, intrauterine growth restriction and low birth weight
(LBW).*® In addition, the promoting effect of leukocytosis on
adverse pregnancy outcomes has been, respectively, verified in
the first,> second” and third trimesters.%” However, pregnancy is a
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Pregnancies attended the first
routine hospital antenatal visit
during 7 to 12 gestational weeks:
2014 Jan—2018 May
n= 3257

2025 with available data
in the first trimester

1884 with available data
in the second trimester

1869 with available data
in the third trimester

H. Chen et al.
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1070 pregnancies had
available delivery records

v

Anthropometric measures at 12
and 24 months were assessed

Fig. 1 Flowchart of participants included in the analysis.
complex and dynamic progression of regulation of the immune
system at mother—foetal interface (MFI).2 Invasion of environ-
mental pathogens,” change in weight,'® development of gesta-
tional diabetes mellitus'' and marked lifestyle transitions'? during
pregnancy may alter immune status, resulting in the leucocyte
concentration for individuals during pregnancy into different
trajectory patterns. Previous researches on the association of
leucocytes with pregnancy outcomes mainly focused on leuco-
cytes in a specific trimester; it remains unknown whether the
leucocyte trajectories in a different stage of pregnancy impact
the risk of adverse birth outcomes. Also, no studies until now have
been conducted to assess the influences of the leucocyte
trajectories on the growth and development of infants.
Therefore, the aim of the current study was to examine the
effects of leucocyte change trajectory across pregnancy on
adverse pregnancy outcomes as well as offspring’s growth during
the first 2 years of life in Chinese.

MATERIALS AND METHODS

Study population

This is a retrospective cohort study of pregnant women with singleton
attending for at least one routine hospital antenatal visit at each trimester
delivered at Huazhong University of Science and Technology Union
Shenzhen Hospital, between January 2016 and May 2018. A total of 3257
women who underwent their first routine hospital antenatal visit during
7-12 gestational weeks were enrolled. We excluded women who were
missing leucocyte data in any pregnancy (n = 1388), had chronic infectious
diseases such as hepatitis and liver cirrhosis (n = 226), renal diseases such
as glomerulonephritis and hydronephrosis (n = 137), in vitro fertilization

Pediatric Research (2022) 92:862 - 870

Exclude (n=799):

Any renal disease (n=137)

In vitro fertilization (n= 14)

Venereal disease (n = 2)

Preexisting diabetes (n = 398)

Any chronic infectious disease ( n = 226)
Main pregnancy complications (n = 22)

(n=14), gestational diabetes mellitus or preexisting diabetes (n=398),
main pregnancy complications (intrahepatic cholestasis of pregnancy,
placental abruption, placenta previa, pregnancy-induced hypertension etc.,
n=22) and pregnancies complicated by venereal diseases such as syphilis
and acquired immune deficiency syndrome (n = 2). After further excluding
those without delivery records, 1092 participants were left for the analysis
(Fig. 1). Ethics approval was obtained from the Ethics Committee of the
Union Shenzhen Hospital of Huazhong University of Science and
Technology (No. 2019072644).

Data collection and biochemical measurements

Data on maternal demographic characteristics, obstetric and medical
history and maternal weight and height were obtained by a standardized
questionnaire at the first antenatal visit. The questionnaire was reviewed by
an obstetrician together with a nurse. All collecting fasting blood samples
were processed within 1 h. Automated blood cell counts for leucocytes
were performed on the Sysmex XN9000 (Sysmex Corporation, Kobe, Japan).
The intra- and inter-day coefficients were 2.10% and 4.04%, respectively.

Pregnancy outcomes and anthropometric measurements
Measurements of the infants’ weight (kg, recorded with a precision of 0.1),
height (cm, precision: 0.1 cm) and head circumference (cm, precision: 0.1
cm) were taken by trained personnel at birth and at 12 (£15 days) and 24
(£15 days) months using a standard stadiometer, digital panel indicator
scale and measuring tape. Body mass index (BMI) was calculated as weight
(kilogram)/height in metres square. Large-for-gestational-age (LGA) and
small-for-gestational-age (SGA) neonates were defined as neonatal birth
weight>90th and <10th centiles for gestational age, respectively,
according to Chinese sex-specific reference.'® LBW was classified as birth
weight under 2500 g and macrosomia as a birth weight over 4000 g. Births
before 37 weeks of gestation were classified as preterm.
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Fig. 2 Patterns of leucocyte concentration trajectory across the pregnancy.

Covariate

Covariates were selected a priori based on known associations with outcome.
Factors included age, maternal education (junior high school or lower, senior
high school and university or above), parental education (junior high school
or lower, senior high school and university or above), foetal sex (male or
female), parity (nulliparous or parous), folate supplementation during
pregnancy (never taking or ever taking), alcohol consumption during
pregnancy (ever drinking or never drinking), passive smoking from husband
(yes or no), family history of diabetes (yes or no) and pre-pregnancy BMI
calculated based on the self-reported pre-pregnancy weight in kilograms and
height in centimetre at their first antenatal visit.

Statistical analysis

The growth mixture modelling was applied to explore the change
trajectory of leucocytes during different pregnancy periods.' First, we
started by fitting a quartic polynomial to the models, increasing the
number of groups up to five groups one by one. Model fit was assessed
based on the Bayesian information criterion and chose the best-fitted
model. Second, we compared the models with polynomial order (cubic,
quadratic and linear) in order to determine the best shape of trajectory.
The average posterior probability was used to verify the accuracy of the
model, which should be up to 0.7. Besides, each group should include at
least 1% of the population.”® A priori knowledge of the topic combined
with an evaluation of the graphical shape of the trajectories was also
considered. We coded distinct trajectories as a categorical variable and
named them based on their visual appearance.

Mean values were calculated for leucocytes evaluated more than one
time in the same trimester. Quantitative data were expressed as means +
standard deviation (SD) and categorical data were presented as n (%).
Comparisons of proportions or means of baseline characteristics between
groups were performed using the x? test or Fisher's exact test or analysis of
variance when appropriate. Odds ratios from all logistic regression models
were computed with the low-stable group throughout pregnancy as the
referent group after controlling for confounders.

As there were <15% of missing observations in growth and develop-
ment during the first 2 years, missing values were filled by multiple
imputations using the R package mice."® To assess the effect of leucocyte
trajectory on growth and development during the first 2 years. Weight-for-
age, length-for-age, weight-for-length, BMI-for-age and head
circumference-for-age z-scores were calculated according to the World
Health Organization Child Growth Standards.'” Analysis of covariance
(ANCOVA) was used for multivariable adjustment when comparing z-
scores at birth between groups. The relationship between leucocyte and its
trajectory and z-scores at 12 and 24 months of age was determined by
generalized estimating equation analyses with an unstructured correlation
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matrix. A sensitivity analysis was performed without missing values to
assess the influence of missing data on the analysis.

In order to explore more details, a cumulative average of leucocyte,
leucocyte in the first, second and third trimester and SD of leucocyte were
regarded as categorical variables (three tertiles) as well as continuous
variables included in logistic regression. A restricted cubic spline regression
model with five knots at 10, 25, 50, 75 and 90th percentiles independent
variables were applied to detect non-linear association. All the statistical
analyses were performed using the software R (version 4.0.0). Two-tailed
P <0.05 was considered to indicate statistical significance.

RESULTS

Leucocyte trajectory during pregnancy

In the exploratory analysis, we modelled the leucocyte trajectory
during the pregnancy period controlling for age and parity. Based
on the statistical results, we determined that a four-group solution
with linear term most ideally fit the data (Fig. 2 and Supplemen-
tary Table 1): 77.38% (n = 828) of participants kept a low leucocyte
concentration during pregnancy (average leucocyte concentration
range from 8.11 x 10°/L in the first trimester to 8.80 x 10%/L in the
third trimester; referred as ‘low-stable pattern’); 13.55% (n = 145)
of participants had elevated leucocyte concentration and then
experienced a decrease (average leucocyte concentration range
from 13.03 x 10°/L in the first trimester to 11.58 x 10°/L in the
third trimester; referred as ‘high-decreasing pattern’); 5.23% (n =
56) of participants had initially moderate leucocyte concentration
and then experienced an increase (average leucocyte concentra-
tion range from 8.07 x 10%/L in the first trimester to 11.13 x 10%/L
in the third trimester; referred as ‘low-increasing pattern’) and
3.83% (n =41) of participants had consistently elevated leucocyte
concentration (average leucocyte concentration range from
10.06 x 10%/L in the first trimester to 14.54x 10°/L in the third
trimester; referred as ‘low-increasing pattern’).

Characteristics of the study population

Demographic and clinical data are shown in Table 1. Women in
the low-increasing group were more likely to be older, better
educated, nulliparous. Women in the moderate-increasing group
were less educated and had a higher rate of nulliparous. There are
no differences in demographic and clinical characteristics
between participants included in the analysis and excluded from
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Table 1. Baseline demographic and clinical characteristics of participants according to leucocyte concentration trajectory class.
Characteristics Moderate-increasing Low-stable (n = High-decreasing (n = Low-increasing (n= P value®
(n=41) 828) 145) 56)
Maternal age (years) 32.83+3.86 32.50+3.52 27.60 = 2.60 31.07 £3.63 <0.01
Pre-pregnancy BMI (kg/m?) 20.82 +2.80 20.59 +3.64 19.68+2.17 21.48+2.95 0.79
Maternal education, n (%) <0.01
Junior school or below 1 (2.44) 14 (1.69) 13 (8.97) 1(1.79)
Senior high school 7 (17.07) 70 (8.45) 12 (8.28) 4 (7.14)
University or above 33 (80.49) 744 (89.86) 120 (82.76) 51 (91.07)
Folate supplementation during 0.96
pregnancy, n (%)
Never taking 9 (21.95) 161 (19.44) 27 (18.62) 10 (17.86)
Ever taking 32 (78.05) 667 (80.56) 118 (81.38) 46 (82.14)
Alcohol consumption during 0.77
pregnancy, n (%)
Never drinking 39 (95.12) 802 (96.86) 141 (97.24) 54 (96.43)
Ever drinking 2 (4.88) 26 (3.14) 4 (2.76) 2 (3.57)
Passive smoking from husband, n (%) 0.08
Yes 5(12.20) 184 (22.22) 34 (23.45) 19 (33.93)
No 36 (87.80) 644 (77.78) 111 (76.55) 37 (66.07)
Parity, n (%) <0.01
Nulliparous 29 (70.73) 306 (36.96) 67 (46.21) 31 (55.36)
Parous 12 (29.27) 522 (63.04) 78 (53.79) 25 (44.64)
Family history of diabetes, n (%) 0.72
Yes 2 (4.88) 24 (2.90) 3 (2.07) 1(1.79)
No 39 (95.12) 804 (97.10) 142 (97.93) 55 (98.21)
Foetal gender, n (%) 0.22
Boys 15 (36.59) 439 (52.61) 75 (52.35) 31 (55.36)
Girls 26 (63.41) 389 (47.39) 70 (47.65) 25 (44.64)
Foetal number 0.06
One 41 (100) 826 (99.76) 145 (100) 54 (96.43)
Two 0 (0) 2 (0.24) 0 (0) 2 (3.57)
Gestational age, weeks 38.24+1.53 38.76 £ 1.44 38.99+1.43 38.82+1.45 0.37
Data are presented as mean £ SD, n (%).
ANOVA or Kruskal-Wallis test or )(2 test or Fisher’s exact test when appropriate.
Table 2. Anthropometric parameters at birth according to leucocyte trajectory during pregnancy.
Natal outcomes Moderate-increasing Low-stable High-decreasing Low-increasing P value®
Weight-for-age z-score —0.51£1.05 —0.08 £ 0.95 —0.06 +£0.76 —0.01 £0.80 0.15
Height-for-age z-score 0.18 £0.90 0.58 £ 0.90 0.60 £ 0.58 0.63 +0.69 0.14
Weight-for-height z-score —0.98 £ 0.99 —0.76 £ 0.87 —0.76 £0.92 —0.70+0.92 0.46
BMlI-for-age z-score —095+1.12 —0.59+1.00 —0.57+0.93 —0.49+0.93 0.31
Head circumference-for-age z-score —0.64 £+ 1.41 —0.12+£1.09 —0.42+£0.92 —0.07 £ 1.00 0.01

P values were obtained from ANCOVA.

@Adjusted for maternal age, foetal gender, parity, pre-pregnancy BMI, maternal education, folate supplementation during pregnancy, alcohol consumption

during pregnancy and family history of diabetes.

the analysis due to the insufficiency of repeated leucocyte
measures (Supplementary Table 2).

Association of leucocyte trajectory and adverse birth
outcomes

The ANCOVA with covariates reveal that change in leucocyte
during pregnancy has a significant effect on head circumference
z-score (P=0.01), but not weight-for-age, height-for-age, weight-
for-height, BMI-for-age z-scores at birth (Table 2). Table 3 shows

Pediatric Research (2022) 92:862 - 870

the results of the logistic regression analysis for the association of
leucocyte trajectory and the probability of developing adverse
pregnancy outcomes. Relative to the low-stable group, the odds
ratios of preterm were 3.06 (95% Cl: 1.43-6.23) for moderate-
increasing, 0.78 (95% Cl: 0.38-1.47) for high-decreasing and 0.68
(95% Cl: 0.23-1.61) for the low-increasing group after adjustment
for measured covariates. However, no association was found
between leucocyte trajectory and LBW, SGA, LGA and macrosomia
(all P>0.05).
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Table 3. Crude and adjusted odds ratios for pregnancy outcomes according to blood leucocyte concentration trajectory class across pregnancy

period.
Pregnancy outcome Case/control Crude OR (95% CI) P value Adjusted OR? (95% CI) P value
Preterm
Low-stable 110/718 Ref. - Ref. -
High-decreasing 13/132 0.64 (0.34-1.14) 0.15 0.78 (0.38-1.47) 0.46
Low-increasing 7/49 0.93 (0.38-1.98) 0.87 0.68 (0.23-1.61) 0.42
Moderate-increasing 12/29 2.70 (1.29-5.33) 0.01 3.06 (1.43-6.23) <0.01
SGA or LBW
Low-stable 60/768 Ref. - Ref. -
High-decreasing 13/132 1.26 (0.65-2.29) 0.47 1.18 (0.56-2.38) 0.65
Low-increasing 4/52 0.98 (0.29-2.51) 0.98 0.69 (0.15-2.15) 0.58
Moderate-increasing 6/35 2.19 (0.81-5.08) 0.09 2.07 (0.73-4.99) 0.13
LGA or macrosomia
Low-stable 101/727 Ref. - Ref. -
High-decreasing 10/135 0.53 (0.26-1.00) 0.06 0.55 (0.23-1.12) 0.07
Low-increasing 6/50 0.86 (0.33-1.92) 0.74 0.79 (0.29-1.80) 0.61
Moderate-increasing 1/40 0.68 (0.01-1.84) 0.10 0.70 (0.01-1.97) 0.12

Ref. reference, OR odds ratio, 95% Cl 95% confidence interval, SGA small for gestational age, LGA large for gestational age, LBW low birth weight.
®Adjusted for maternal age, foetal gender, parity, pre-pregnancy BMI, maternal education, folate supplementation during pregnancy, alcohol consumption

during pregnancy and family history of diabetes.

Association of leucocyte and anthropometric measure z-score
Generalized estimating equation analysis of the relationship
between leucocyte trajectory and anthropometric z-scores at
birth, 12 and 24 months are shown in Table 4. Infants in the
moderate-increasing group and high-decreasing group showed a
0.41 and 0.24 decrease in head circumference-for-age z-scores
compared with the low-stable group, respectively. No association
was found between the changes in anthropometric z-scores and
leucocyte trajectory. Sensitivity analyses performed regarding the
removing of missing data gave results similar to the main analysis
(Supplementary Table 3).

The associations between leucocytes in the first, second and
third trimester and anthropometric z-scores were shown (Supple-
mentary Table 4). For every 1-10%L additional increase of
leucocyte in the second and third trimester, the head circumfer-
ence decreased by 3.65x 1072 and 4.53 x 102 on average after
controlling for confounders during the follow-up period (P =0.01
and P < 0.01, respectively).

Association of leucocyte level at each pregnancy stage and
their average with adverse birth outcomes

High leucocyte level at each pregnancy stage and their average
during pregnancy were significantly associated with increased
probability of preterm in general, with the odds ratio (OR) for
tertiles 3 vs tertiles 1 ranging from 1.44 to 1.56. When continuous
values were used for estimation, per SD increasing of leucocyte
leads to an 8-9% increase in preterm risk. Women in the top tertile
group of leucocytes in the first trimester had a 78% higher risk of
(OR = 1.78, 95% confidence interval (Cl): 1.01-3.18) SGA or LBW, in
comparison with the bottom tertile group. As for leucocytes in the
third trimester, those in the top tertile experienced 43% (OR: 0.56,
95% Cl: 0.37-0.83) lower LGA or macrosomia (Supplementary
Fig. 1). No evidence of nonlinearity in the relationships between
leucocyte and adverse pregnancy outcomes was provided (all P>
0.05 and Supplementary Fig. 2).

DISCUSSION
To our knowledge, we firstly determined the change trajectory
patterns of leucocytes during pregnancy with adverse pregnancy
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outcomes and offspring’s growth. Compared with the low-stable
group, women who experienced moderate-increasing exhibited a
higher risk of preterm. Offspring delivered by women undergone
moderate-increasing and high-decreasing leucocyte trajectory
exhibited higher head circumference z-score during the first
2 years in comparison with those born by women with low-stable
leucocyte levels across pregnancy.

In the present study, 77.38% of pregnant women had a
relatively low and stable level of leucocyte through pregnancy.
Women in this group tended to be older, parous and well
educated. For women in the low-increasing group, they were
younger and more likely to be first-time mothers. Previous studies
have shown that women in their first pregnancy may be at a
greater chance to have excessive gestational weight gain than
multiparas.'® Older and parous mothers may be more adherent to
recommended lifestyle choices and thus tend to gain less weight
than younger mothers, as strategies to mitigate inflammation
level.””2" The different trajectories of leucocytes during preg-
nancy may be at least partially due to parity and maternal age.

Although ample studies have shown that elevated inflamma-
tion during pregnancy leads to preterm birth,>™” only a limited
number of studies have been performed on changes of
inflammation during pregnancy.?* The current study found that
women in the moderate-increasing group but not the low-
increasing group had an increased risk of preterm delivery
compared with women in the low-stable group. Some studies
have indicated that deleterious effects on preterm may be
observed if inflammation level exceeds a certain threshold.”***
Pitiphat et al. matching 117 pairs of preterm and term mothers
found out that C-reactive protein levels of more than 8 mg/L in
pregnancy were associated with preterm.?*> A nested case-control
study from the Pregnancy Exposures and Preeclampsia Prevention
Study indicated that C-reactive protein =8 pg/mL conferred a 2.6-
to 2.8-fold increased risk of preterm birth.2* The lack of association
between the low-increasing group and preterm in the present
study might be related to the lower possibility to meet the
threshold value.

The high-decreasing leucocyte trajectory pattern was not
associated with preterm delivery in the present study and showed
a protective effect of preterm with the moderate-increasing group

Pediatric Research (2022) 92:862 - 870
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Table 4. GEE analysis of the associations between leucocyte trajectory and the anthropometric measure z-scores and their changes from birth

during the first 2 years of life.

Low-stable High-decreasing
B SE P value

Weight-for-age z-score

Model 1 Ref. 0.01 0.04 0.87

Model 2 Ref. —0.05 0.05 0.30
Height-for-age z-score

Model 1 Ref. —0.01 0.04 0.86

Model 2 Ref. —0.04 0.05 0.46
Weight-for-height z-score

Model 1 Ref. —0.03 0.05 0.55

Model 2 Ref. —0.09 0.06 0.14
BMlI-for-age z-score

Model 1 Ref. 0.02 0.05 0.69

Model 2 Ref. —0.06 0.06 0.32
Head circumference-for-age z-score

Model 1 Ref. —0.21 0.05 <0.01

Model 2 Ref. —0.21 0.06 <0.01
Change in weight-for-age z-score

Model 1 Ref. —0.02 0.07 0.78

Model 2 Ref. 0.06 0.07 0.34
Change in height-for-age z-score

Model 1 Ref. —0.05 0.06 0.41

Model 2 Ref. 0.03 0.08 0.75
Change in weight-for-height z-score

Model 1 Ref. —0.05 0.09 0.56

Model 2 Ref. 0.07 0.10 0.44
Change in BMI-for-age z-score

Model 1 Ref. 0.01 0.07 0.95

Model 2 Ref. 0.17 0.11 0.07
Change in Head circumference-for-age z-score

Model 1 Ref. 0.14 0.09 0.12

Model 2 Ref. 0.08 0.10 0.45

Model 1: adjust for sex and time.

Low-increasing Moderate-increasing

B SE P value B SE P value
0.02 0.07 0.80 —0.10 0.09 0.26
—0.01 0.07 0.92 —0.07 0.04 0.1
—0.05 0.08 0.48 —0.01 0.02 0.74
—0.06 0.08 043 —0.06 0.04 0.09
0.02 0.08 0.83 —0.13 0.08 0.12
—0.01 0.08 0.90 —0.09 0.09 0.33
0.08 0.09 0.33 —0.11 0.09 0.24
0.04 0.08 0.57 —0.06 0.09 0.52
0.02 0.08 0.74 —0.37 0.1 <0.01
0.03 0.09 0.72 —0.35 0.1 <0.01
—0.17 0.11 0.13 —0.13 0.06 0.13
—0.15 0.11 0.15 0.12 0.12 0.33
—0.19 0.13 0.13 0.14 0.15 0.35
—0.15 0.13 0.20 0.13 0.15 0.39
—0.08 0.12 0.54 0.12 0.16 0.45
0.01 0.13 0.91 0.09 0.16 0.57
—0.03 0.12 0.77 0.39 0.17 0.87
0.06 0.12 0.64 0.35 0.22 0.14
—0.04 0.13 0.76 0.22 0.18 0.23
—0.05 0.14 0.70 0.17 0.18 0.37

Model 2: adjust for sex, time, maternal age, foetal gender, parity, pre-pregnancy BMI, maternal education, folate supplementation during pregnancy, alcohol

consumption during pregnancy and family history of diabetes.

as reference (data not shown). A meta-analysis including four
studies with 518 normal mothers and 506 infants suggested that
decreasing maternal inflammation in pregnant women by oral
probiotic administration did not reduce the incidence of preterm
birth <37 weeks (relative risk: 0.92, 95% Cl: 0.32-2.67).> However,
a limited number of studies may lead to selective bias. In vitro
studies, anti-inflammatory agents including selenium, short-chain
fatty acids and citrus flavone nobiletin suppressed inflammation-
induced expression of proinflammatory cytokines and chemokines
involved in active labour in human foetal membranes and
myometrium, showing potential for the prevention of sponta-
neous preterm birth as well.?*2° Although previous studies have
shown that elevated inflammation in early pregnancy was
subsequently related to rising preterm,3**' our findings suggested
that early control of leukocytosis was favourable to prevent the
occurrence of preterm.

Leukocytosis was considered to be a feature of normal
pregnancy. The leucocyte counts were gradually and significantly
increased from the first to the third trimester, and the change is

Pediatric Research (2022) 92:862 - 870

subsequent to a progressive increase in granulocytes.32 Besides,
the maternal immune system was transformed from a proin-
flammatory state in the first trimester guaranteeing the implant of
the blastocyst to an anti-inflammatory state in the second and
third trimester allowing tolerance of the semi-allogenic foetus and
its rapid growth.>* Specific leucocyte populations mediated the
transition from the pro- to the anti-inflammatory state. T
lymphocytes took part through a shift from a type 1 T-helper
lymphocyte (Th1) response, oriented toward cell-mediated
immunity, toward a Th2 response, which favoured humoral
immunity by stimulating B cells to increase the production of
maternal antibodies and T regulatory cells increased that
contribute to the maintenance of immunological tolerance to
the foetus by actively suppressing self-reactive lymphocytes.3*3*

The MFI may play a vital role in the onset of obstetrical
complications including preterm delivery. The protective functions
of placental membranes, modulation of a natural killer cell,
macrophage and Th cell functions in the maternal component of
the MFI by altered expression of unique human leucocyte antigen

SPRINGER NATURE



H. Chen et al.

868

system class | and regulation of several immunomodulators
including prostaglandin E2, interleukin-10 (IL-10) and IL-4 were
involved in the development of the embryos.3*3¢ However, a
cellular immunological imbalance causing MFI injury may lead to
placental inflammation.® Certainly, some degree of placental
inflammation can cause a decrease in foetal perfusion and foetal
hypoxia, resulting in obstetrical complications including pree-
clampsia.®” Intrauterine inflammation-induced oxidative stress
increased the level of hypoxia-inducible factor-1, which was an
oxygen-sensitive transcription factor and can bridge hypoxia.*®
The mechanistic pathway of how leucocyte exposure may lead to
preterm birth is still controversial. Some evidence has shown that
inflammatory mediators were involved in uterine activation of
contraction-associated proteins, such as oxytocin receptor, con-
nexin 43, prostaglandin-endoperoxide synthase 2 and the
prostaglandin F receptor PTGFR, production of uterine stimulants
such as prostaglandins from foetal membranes and myometrium
involved in the degradation of the foetal membranes and
remodelling of the myometrium.394°

Maternal infection and autoimmune diseases promoted an
inflammatory response, inducing a sharp increase in leucocyte
count.**? Highly increased risk of preterm and other complica-
tions was also reported in pregnant women with infection and
autoimmune diseases.**** Thus, the inclusion of pregnancies with
infection and autoimmune diseases may lead to an overestimation
of obstetrical complications risk in high-increasing and low-
increasing groups. Our data did not confirm any association
between leucocyte trajectory and LBW, SGA, LGA and macro-
somia. Up to date, there only existed one paper that referred to
the association of inflammation change during pregnancy with
birth weight. In contrast with our results, a study among 2356
Japanese pregnancies who had full-term singleton delivery
reported that the ratio of leucocyte in the third trimester to that
in the first trimester was positively associated with SGA birth (OR:
3.02, 95% Cl: 1.54-5.92).* Nevertheless, the ratio of leucocytes in
the third trimester to the first trimester ignoring the initial
inflammation status in early pregnancy could not comprehen-
sively reflect the dynamic change in inflammation during
pregnancy. More researches are needed.

Interestingly, the significant associations of leucocytes with foetal
and child growth were mostly found in the second and third
trimesters instead of the first trimester. In line with our finding,
Daniela and co-workers reported that the predictive performance of
preeclampsia was improved only with the values of high-sensitivity
C-reactive protein and IL-6 in the second trimester of pregnancy
instead of those in the first trimester.*® Similarly, Giollabhui et al.
followed 737 pregnant women and their offspring till late childhood
and found that the strongest tracking coefficients between foetal
growth characteristics and adverse birth outcomes have been
presented in late pregnancy among three trimesters®’ It is
suggested that the first trimester of pregnancy is a pro-
inflammatory phase in order to secure the adequate repair of the
uterine epithelium and the removal of cellular debris as an adaption
to the presence of the foetus. Differently, the predominant
immunological feature was transferred into the induction of an
anti-inflammatory state in the second phase of pregnancy and rapid
foetal growth and development occurred in the same period.*®
Thus, elevated inflammation in mid to late pregnancy may exert a
profound effect on the offspring. The evidences of significant
association of inflammation in the first trimester were also provided
in several studies;****>° however, a one-time measure of inflamma-
tion at baseline may underestimate the true effect of inflammation
on pregnancy outcomes and offspring. Anti-inflammatory agents®~
7 and marked lifestyle transitions'? in mid-late pregnancy may lead
to a decrease of inflammation in women who had rising
inflammation in the early pregnancy. In our study, 78% of women
with initial elevated inflammation were showing a downward trend.
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A link between maternal inflammation during pregnancy and
the development of the brain in the offspring has been supported
by several studies.”'~* A repeated-measurement analysis from the
LIFECODES birth cohort study has shown the inverse association
between the oxidative stress marker 8-isoprostane and head
circumference during the pregnancy (8= —0.13, 95% Cl: —0.24,
—0.02)>" A study with 429 pregnant women in Philippines
demonstrated that C-reactive protein was inversely related to
offspring body weight (—0.047 £0.017 kg/log-mg/L), length
(—0.259 £ 0.092 cm/log-mg/L) and head circumference with
2 weeks of birth (—0.102+0.068 cm/log-mg/L).>*> Weber et al.
reported that elevated protein carbonyls (a marker for oxidative
stress) in mothers was associated with a lower head circumference
from the results of 200 newborns.>® In addition, long-term injury
of inflammation might lead to irreparable damage of functional
development of infant’s brain such as autism,>* bipolar disorder>>
and schizophrenia.>® Not only the moderate-increasing group but
also the low-increasing group was associated with head circum-
ference z-score compared with a low-stable group in our study. It
is also in line with the fact that early gestation has been shown to
be an important period for brain development, with rapid
neuronal multiplication of the forebrain observed at 10-18 weeks,
immediately followed by multiplication of glial cells.>’”

Although the specific guidelines varied in different countries, a
routine blood test at each trimester of pregnancy was generally
recommended.*® According to the recommendation of the
American College of Obstetrics and Gynecologists and Centers
for Disease Control and Prevention,*®° routine blood tests should
be undertaken at the first prenatal care visit. Pregnant women
with leukocytosis were encouraged to reduce weight gain and
undertake a dietary intervention. Sometimes anti-inflammation
drugs were additionally prescribed to optimize leucocyte control.
The findings of our study may support the use of non-
pharmacological interventions or drug therapy or both, short-
ening follow-up intervals and increasing follow-up times and
timely adjustments of treatment plans according to the trajectory
of leucocyte in pregnancies with leukocytosis to minimize the risk
of preterm delivery or altered foetal growth.

Our study has several strengths with its longitudinal, retro-
spective design, change trajectory analysis and well-measured
covariates. There were also a few notable limitations in this study.
First, some confounders were not available such as physical
activity and dietary intake, although we have controlled a large
number of covariates. Second, given the fact that about 50% of
the initial population was excluded because of missing data on
leucocytes. To address this issue, we compared the characteristics
of women who were excluded because of missing data with those
included in the current study and overall found most of them to
be similar. Third, the short trajectory period (the pregnancy) was
focused on the present study. A longer period contains
preconception and more measures of leucocyte were required
for further validation of our results. Fourth, the generalizability of
the study findings may be limited due to the recruitment of the
study population (100% Chinese) and the selection of the study
districts. Fifth, there are anthropometric measures about
12.89-14.06% missing data in our study during the follow-up.
However, analyses after multiple imputations of the missing
values yielded similar findings. Finally, the different intervals of
measures may affect the modelling of trajectory patterns,
although we based on at least three trimesters’ values without
missing data to improve the accuracy of modelling.

In conclusion, the moderate-increasing trajectory of leucocytes
was significantly associated with a higher risk of preterm birth and
head circumference during the first 2 years. Elevated cumulative
average, first-, second- and third-trimester levels were also
significantly associated with a higher probability of preterm as
well as head circumference during the first 2 years.
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