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Abstract

Background Current evidence relating birthweight and gestational age to cardiovascular risk is conflicting. Whether
these factors have independent or interactive impacts on cardiovascular parameters during early childhood remains
unclear. The goal of this study was to explore whether there were any independent and interactive effects of gesta-
tional age and birthweight on blood pressure, left ventricle (LV) structure, and function in 4 years old.

Methods This study included 1194 children in the Shanghai Birth Cohort from 2013 to 2016. Information about

the mothers and children was recorded at time of birth using a questionnaire. Follow-up measurements, including
anthropometric, blood pressure, and echocardiography, were taken between 2018 and 2021, when the children were
4 years old. Multiple linear or logistic regressions and restricted cubic spline were used to explore the association of
birthweight and gestational age with cardiovascular measurements.

Results Gestational age had a significant negative correlation with both systolic blood pressure [3= —0.41, 95% Cl:
(—0.76,—0.07)] and mean arterial pressure [3= —0.36, 95%Cl: (— 0.66, — 0.07)]. The risk of prehypertension decreased
with increased gestational age [OR=10.54, 95% Cl: (0.32, 0.93)]. The relationship between birthweight with blood
pressure was U-shape (P for non-linear < 0.001). The wall thickness, volume, mass, and cardiac output of LV increased
with birthweight, though the ejection fraction [3= — 1.02, 95% Cl: (— 1.76, — 0.27)] and shorten fraction [§=0.72,
95% Cl: (— 1.31,—0.14)] decreased with birthweight. The risk of LV hypertrophy was not associated with birthweight
[OR=1.59, 95% Cl: (0.68, 3.73)].

Conclusions In this study, we found different associations of birthweight and gestational age with cardiovascular
measurements in the offspring at 4 years old. Gestational age influenced blood pressure independent of birthweight.
Heart size and function at 4 years old was influenced mostly by birthweight and not by gestational age.
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Background

The risk of cardiovascular disease (CVD) in adulthood
may be determined from early life [1] and is potentially
influenced by both the intrauterine environment and
early childhood development [2], which may be reflected
in birthweight (BW) and gestational age (GA). The
potential influence of BW and GA on the cardiovascular
system is complicated and controversial. Recent studies
have found that children with low BW or GA are linked
to increase risk of CVD, such as hypertension [3, 4], heart
failure [5], hypertrophy [6], ischemia disease [7, 8], or
arrhythmias [9] in adolescence or in adulthood [10, 11].
Other studies have found that children with large BW
have an increased future risk of CVD or hypertension
[12-14]. Conversely, a British study suggested that large
BW was associated with a lower future blood pressure
(BP) [15]. Studies focused on preterm birth have found
that it might increase the risk of hypertension or other
CVD from childhood to adulthood [5, 7, 16, 17]. Any
potential non-linear relationship between GA or BW and
cardiovascular measurements remains unknown.

BW is strongly, but not only, influenced by GA. Chil-
dren with low BW are usually preterm birth. Several
studies have focused only on the simple linear correla-
tion between BW and GA with cardiovascular indexes
[16, 18, 19]. Other studies have focused primarily on
participants per se, such as only prematurity or low BW,
often without accounting for BW and GA independently
[20]. Juonala et al. [21] observed increased BP levels only
among preterm low BW participants and not in full term
participants. These results suggested that GA might
influence BP independently from BW. Other studies have
focused on CVD risk in adolescence or adulthood [5, 7,
22], though the influence of BW and GA on the cardio-
vascular system may start in childhood. Therefore, stud-
ies investigating these risks during the early childhood
period are still valuable. Additionally, evidence on the
independent or interactive regulation of BW and GA on
cardiovascular risk remains limited.

This study aimed to explore the independent and inter-
active associations of BW and GA with BP, left ventricle
(LV) structure, and function in early childhood, based
on detailed BP and echocardiography evaluation from a
birth cohort in China.

Methods

Participants

The Shanghai Birth Cohort (SBC) is an ongoing prospec-
tive cohort study conducted in six collaborating hospitals
in Shanghai, China. A detailed description of the cohort
has been provided elsewhere [23]. In this study, 1194
mother—child pairs joined our cardiovascular cohort
between 2013 and 2016. The maternal self-reported
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questionnaires were conducted after enrollment and dur-
ing pregnancy with the help of trained staff. Information
on maternal demographic and sociodemographic charac-
teristics (e.g., maternal income, race, education level) and
lifestyle factors (e.g., passive smoking or alcohol drinking
status during pregnancy) were collected using structured
questionnaires. The history of hypertensive disorders
in pregnancy (HDP) and gestational diabetes mellitus
(GDM) was collected using structured questionnaires or
extraction of inpatient history from medical records. Fol-
low-up measurements (including weight, height, blood
pressure and echocardiography) of children were carried-
out between 2018 and 2021 when they were 4 years old.
Children with congenital heart disease or other birth
defects and those lost to follow-up, who were uncoop-
erative, or without all available records were excluded. A
total of 943 children were finally included in all analyses.
Ethical approval was granted by the Ethical Committee
of Xinhua Hospital affiliated to Shanghai Jiao Tong Uni-
versity School of Medicine (No. XHEC-C-2013-001-2).
All parents or guardians of participants signed written
informed consent forms prior to enrollment.

Anthropometric measurement

The BW and GA were recorded after birth and extracted
from the inpatient medical history of the pregnant
women or from pediatric medical records. Between 2018
and 2021, when the children were 4 years old, their gen-
der, height, and weight were measured and recorded.
BMI was calculated by weight (kg)/height (cm)® Pre-
term was defined as newborns with GA <37 weeks.
Term was defined as children with GA between 37 and
42 weeks. The BW groups were classified as follows: low
birth weight (LBW) group <2500 g, normal birthweight
(NBW) group 2500-4000 g, and macrosomia group with
birthweight >4000 g.

Blood pressure (BP)

Systolic BP (SBP) and diastolic BP (DBP) of children were
assessed by a single, trained staff member on the left arm
at heart level and with the appropriate cuff size for arm
circumference while they were in the supine position.
The OMRAN HBP-1300 automatic BP device (Omron
Healthcare, Guangzhou, China) was used. Three meas-
urements were taken at 5 min intervals once each child
had calmed down. The mean of the three measurements
was used in all analyses. Mean arterial pressure (MAP)
was calculated as MAP =DBP + (SBP-DBP)/3. The 90th
and 95th percentile of SBP and DBP for the sex and
height were defined according to the Chinese standard
[24]. Prehypertension was defined as P95th>SBP and/
or DBP >P90th. Hypertension was defined as SBP and/
or DBP > P95th.
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Echocardiography

Transthoracic echocardiography examinations were per-
formed on the children by trained operators according
to the American Society of Echocardiography recom-
mendations [25] and using the Philip EPIQ7C (Philips
Healthcare, Andover, USA) ultrasound that uses the X5-1
(1-5 MHz) or S8-3 (3-8 MHz) matrix-array transducers
(Philips Healthcare, Andover, USA). LV interventricular
or posterior wall thickness, internal diameter, volume in
systole and diastole (IVSs, IVSd, LVPWs, LVPWd, LVIDs,
LVIDd, ESV and EDV), ejection fraction (LVEF), and
shorten fraction (LVFS) were measured. Relative wall
thickness (RWT), LV mass (LVM), LVM index (LVMI),
E/A ratio, Tei index, and global peak longitudinal strain
(GLS) were measured as previously described [26].

Aortic annular diameter was measured. LV velocity
time integral (VTI) was assessed by identifying the apical
view in which peak flow velocity was maximal and, after
calibration, tracing the black-white interface outlining the
Doppler flow envelope. Aortic annular cross-sectional
area was calculated as follows: 7t x (diameter/2)?. Doppler
stroke volume (SV) was calculated as annular cross-sec-
tional area multiplied by the VTL Cardiac output (CO)
was calculated as SV x HR. Total peripheral vascular
resistance (TPVR) was calculated as MAP divided by CO
[27]. The carotid intima-media thickness (cIMT), which
was defined as the thickness of the intima and media of
carotid artery, was averaged by measurements of 6 times
at common carotid artery 1 cm below the carotid bulb on
each side in 2-D images captured by C8-3 (3-8 MHz) or
L15-7io (7-15 MHz) transducers [28, 29].

The sex-specific 95th percentiles (P95th) of LVMI
(male: 33.76 g/m*>” and female: 33.24 g/m?>’) were derived
from our own cohort. LV hypertrophy (LVH) was defined
as LVMI > the sex-specific P95th of LVMI [26, 30]. All
examinations were performed by experienced operators.
Both the sonographers and the observers were blinded to
the details of the participants.

Statistical analysis
Comparisons of continuous variables were performed
using the one-way analysis of variance (one-way
ANOVA), followed by the Bonferroni post hoc test to
adjust for multiple comparisons in different groups, when
normality and homogeneity of variance assumptions are
satisfied. Otherwise, the equivalent nonparametric tests
were used. Both the Kolmogorov—Smirnov and Levene’s
test were used to evaluate the normal distribution and
homogeneity of variances. Categorical variables were
compared using chi-square tests or Fisher’s exact tests.
Analysis of the associations of BW and GA with BP, LV
structure, and function was conducted by constructing
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multi-factor linear regression models. To explore the
independent effects of BW and GA on cardiovascular
parameters, linear regression models were established
in different BW and GA subgroups. Measurements for
BW and GA were also used in the same model to ana-
lyze their interrelationship or mediated effect with each
other. Odds ratios (OR) were calculated using a logistic
regression model adjusted for the maternal and children’s
factors. The interaction of BW and GA was analyzed in
linear and logistic models. The additive interaction in
logistic regression was assessed using the R package
“epiR” Restricted cubic spline models with 3 knots at
the 5th, 50th, and 95th percentiles were constructed to
determine the nonlinear correlation of BW or GA with
cardiovascular measurements with “rms;” “splines,” and
“ggplot2” R packages. Tests for nonlinearity were con-
ducted by likelihood ratio tests.

Postnatal weight gain has been proven to play an
important role in cardiovascular outcomes in preterm
or LBW [31, 32]. BP may influence the LV structure and
function (Additional file 1: Table S1). Weight gain from
birth to 4 years old and the SBP of children were input-
ted into the regression models to examine their effect on
cardiovascular parameters. For sensitivity analysis, mul-
tiple imputation was used to input the missing values in
maternal information to analyze the relationship of BW
and GA with blood pressure, LV structure, and function.

All statistical analysis were carried out using the SPSS
25.0 software program (IBM Corp., Armonk, NY, USA),
Stata 15.0 (Stata Corporation, College Station, TX, USA),
and R 4.0.4 (R Foundation for Statistical Computing). All
tests were two-sided with a significance level of 0.05.

Results

The baseline characteristics

A total of 1194 mother—child pairs were included in the
cardiovascular cohort in SBC. After excluding children
due to missing information (#=240) and birth defects
(n=11), a total of 943 (78.9%) children were included
for final analysis (Additional file 1: Figure S1). In total,
the study population consisted of 8.6% preterm (n=281),
4.8% LBW (n=45), and 7.6% macrosomia (n="72) new-
borns. At 4 years of age, the difference in anthropometric
indexes disappeared from GA groups but was maintained
in the BW groups. LBW and preterm children gained
more weight from birth to 4 years old than NBW and
term (Table 1).

BP, LV structure, and function differed between the GA

and BW groups

In different BW groups, LVIDd, IVSs, LVIDs, LVM,
SV, EDV, and ESV were smaller in the LBW group and
larger in the macrosomia group than NBW. The SBP
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Table 1 Basic characteristics of participants
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LBW (n=45) NBW (n=826) Macrosomia Pvalue Preterm(n=81) Term (n=862) Pvalue Total(n=943)
(n=72)

Maternal characteristics

Pre-pregnancy 22.34(3.08) 21.54(3.19) 22.65 (3.23) 0.01 21.88(3.20) 21.61(3.18) 0.51 21.52(3.03)
BMI, mean (SD),
kg/m?

Maternal age, 31.33(332) 30.88 (3.51) 30.38 (3.56) 0.35 31.10 (4.12) 30.84 (3.47) 0.51 30.83 (3.52)
mean (SD), years

HDP, N (%) 5(11.1%) 75 (9.1%) 4 (5.6%) 043 7 (8.6%) 77 (8.9%) 048 84 (8.9%)

Passive smoke, 12 (26.7%) 391 (47.3%) 32 (44.4%) 0.13 27 (33.3%) 406 (47.1%) 0.63 435 (46.1%)
N (%)

Drink during 5(11.1%) 127 (15.4%) 7(9.7%) 0.82 10 (12.3%) 129 (15.0%) 0.86 139 (14.7%)
pregnancy, N (%)

University back- 29 (64.4%) 690 (83.5%) 46 (63.9%) 0.51 51 (62.9%) 711 (82.5%) 041 765 (81.1%)
ground, N (%)

Ethic Han, N (%) 41 (91.1%) 826 (100%) 70 (97.2%) 052 75 (92.6%) 862 (100.0%) 0.28 937 (99.4%)

Income > 100,000 20 (44.4%) 459 (55.6%) 36 (50.0%) 029 35 (43.2%) 478 (55.4%) 0.66 515 (54.6%)
yuan/year, N (%)
Children characteristics

Birth height, 46.84(1.89) 49.75(1.23) 51.60 (1.81) <0.001 47.95(1.87) 49.89 (1.39) <0.001 4938 (1.50)
mean (SD), cm

BW, mean (SD), kg 2.19(0.33) 3.31(0.35) 4.23(0.22) <0.001 2.52(0.48) 3.39(0.42) <0.001 333(048)
BW groups, N (%)

LBW / / / / 27 (33.3%) 18 (2.9%) <0.001 45 (4.8%)

NBW 54 (66.7%) 772 (89.6%) <0.001 826 (87.6%)

MBW 0 (0.0%) 72 (8.4%) <0.001 72 (7.6%)
GA, mean (SD), weeks 35.55(2.79) 39.21((1.41)  39.85(0.79) <0.001 34.92(2.15) 39.43 (1.05) <0.001 39.13(1.51)
GA groups, N (%)

Preterm 27 (60.0%) 54 (6.5%) 0 (0%) <0.001 / / / 81 (8.6%)

Term 18 (40.0%) 772 (93.5%) 72 (100%) <0.001 862 (91.4%)
Gender, N (%)

Boys 23 (51.1%) 479 (58.0%) 50 (69.4%) 0.01 32 (39.5%) 520 (54.1%) 0.13 552 (58.5%)

Girls 22 (48.9%) 347 (42.0%) 22 (30.6%) 0.01 49 (60.5%) 342 (39.7%) 0.13 391 (41.5%)
Heightat4, mean  106.62 (4.33) 108.07 (4.81) 110.25 (4.62) <0.001 107.91 (4.73) 107.24 453) 071 107.26 (4.53)
(SD),cm
Weight at 4, mean 16.99 (2.08) 17.75(2.83) 19.30 (3.08) <0.001 17.50 (2.66) 17.27 (2.60) 0.70 17.28 (2.56)
(SD), kg
BMIat4, mean (SD) 14.93(1.43) 15.13(1.65) 15.83(1.98) 0.002 14.98 (1.66) 14.97 (1.59) 0.25 14.97 (1.59)
kg/m?
Postnatal weight 14.77 (2.15)  13.82(2.42) 15.06 (3.01) <0.001 15.18(2.61) 13.86 (2.45) <0.001 13.94(248)

gain, mean (SD), kg

The bold values were P<0.05

GA Gestational age, BW Birthweight, LBW Low birthweight, NBW Normal birthweight, BMI Body mass index, HDP Hypertensive disorders in pregnancy, GDM

Gestational diabetes mellitus

and LV function were not significantly different among
BW groups. In different GA groups, the cardiovascu-
lar measurements were not significantly different in
full term and preterm birth children (Table 2). After
adjusting for maternal or children’s factors, the results
were consistent (Additional file 1: Tables S2 and S3).

The different effect of GA and BW on BP

GA had a significant negative correlation with SBP
[f=-041, 95% CI. (—0.76,—0.07)] and MAP
[B=-036, 95% CIL (—0.66,—0.07)], but not with
DBP after adjusting for maternal and children’s fac-
tors (Table 3). The risk of prehypertension decreased
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with increasing GA [OR=0.54, 95% CI: (0.32, 0.93)]
after adjusting for BMI (Table 4). BMI is a key negative
confounder in GA and BP. After adjusting for postnatal
weight gain, the significant relationship between BP and
GA disappeared, suggesting postnatal weight gain was
a completed mediator in GA and SBP (Additional file 1:
Table S4).

The BW was found not to have a significant association
with BP or hypertension in either the linear or the logis-
tic regression models (Tables 3 and 4). However, a non-
linear association between BP and BW was found. The
smoothing line of BW and SBP was in a U-shape (P for
non-linear <0.001) (Fig. 1).

The positive linear correlation between BW and
GA was strong [$=0.18, 95% CI: (0.16, 0.19)], though
GA still influenced the BP independently from BW.
When putting BW and GA in the same model, the SBP
remained negatively correlated with GA but not with BW
(Additional file 1: Table S5). In different BW groups, SBP
was negatively associated with GA in participants with
preterm birth children, including LBW [f= —0.58, 95%
CI: (—1.13,—0.04)] and NBW groups [f= —0.55, 95%
CI: (—1.04,—0.07)]). In different GA subgroups, the BW
had a negative correlation with SBP only in preterm chil-
dren not in term [f= —4.22, 95% CI: (—8.02,—0.42)]
(Additional file 1: Table S6). Preterm birth played a more
important role in the occurrence of high BP than LBW.

The different effect of GA and BW on LV structure

and function

BW was found to be associated with higher LV wall thick-
ness [IVSs: f=0.18, 95% CI:(0.02,0.34)], interventricular
diameters [LVIDd: 5=0.78, 95% CI:(0.37,1.19), LVIDs:
B=0.79, 95% CI:(0.46, 1.11)], volume [EDV: 5=2.86, 95%
CI:(1.39,4.32), ESV: f=1.51, 95% CI:(0.87, 2.15)], and
LVM [f=1.88, 95% CI:(0.87, 2.90)]. LV function indexes

Table 4 The cardiovascular risk with GA and BW
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of LVEF [f= —1.02, 95% CI: (—1.76,—0.27)] and LVES
[B=—-0.72, 95% CI: (—1.31,—0.14)] decreased with
increasing BW following adjustment for confounders
(Table 3). These results were stable in non-linear regres-
sion models (Additional file 1: Figure S2), though the risk
of LVH was not significant (Table 4). In the linear regres-
sion or non-linear models, the correlation of LV structure
and function with GA was not significant (Table 3 and
Additional file 1: Figure S2).

BW influenced the LV structure and function indepen-
dently from GA. When inputting BW and GA into the
same models (Additional file 1: Table S5), the effect of
BW on the LV structure and function were not changed,
even after adjusting for the postnatal weight gain and
SBP (Additional file 1: Table S4). However, the GA was
found to have a negative correlation with LVPWd, CO,
SV, and LVM (Additional file 1: Table S5). After adjusting
for postnatal weight gain and SBP, the significance of the
relationship between GA and these indexes disappeared
(Additional file 1: Table S4). In different GA groups, the
effect of BW on the LV structure and function were stable
in full term children. GA had no significant association
with LV structure and function in any of the BW sub-
groups (Additional file 1: Table S6). In sensitivity analysis,
the results were stable (Additional file 1: Table S7-S8).

Discussion
To the best of our knowledge, this study is the first to
suggest that GA and BW have different effects on the
cardiovascular system, though with a strong association
with each other. GA mainly influenced the BP while BW
had an independent impact on cardiac structure and
function. The relationship between BW and BP was in
a U-shape, and the interaction effect of GA and BW on
cardiovascular parameters was not significant.

This study suggested that GA had a negative asso-
ciation with BP and low GA increased the risk of

Prehypertension (n=141) Hypertension (n=101) LVH (n=55)
Crude Model 1 Model 2 Crude Model 1 Model 2 Crude Model 1 Model 2

BW 0.99 (0.89, 0.90 (0.79, 0.92 (0.80, 0.93(0.83, 0.92 (0.79, 0.94 (0.80, 1.60 (0.84, 1.00 (1.00, 1.59(0.68,3.73)
1.10) 1.03) 1.05) 1.05) 1.07) 1.10) 3.04) 1.00)

GA 0.76(0.50, 0.59 (0.35, 0.54 (0.32 1.16 (0.70, 1.02 (0.57, 0.80 (0.44, 1.10(0.91, 1.05(0.82, 1.05(0.82,1.34)
1.13) 1.00) 0.93) 1.76) 1.84) 1.45) 1.33) 1.33)

Data were presented as OR (95% Cl). P for multiplicative and addictive interaction of BW and GA were not significant. The missing values were not inputted (crude

model: n=943, model 1: n =786, model 2: n=583)
The bold values were P<0.05

Model 1: adjusted for maternal nationality, scholarship, income, HDP, GDM, drink history, passive smoke history, and gender of children

Model 2: model 1+ BMI at 4 years old

The 90th and 95th percentile of SBP and DBP for the sex and height were defined according to the Chinese standard [24]. Prehypertension was defined as P95th > SBP
and/or DBP > P90th. Hypertension was defined as SBP and/or DBP > P95th. LV hypertrophy (LVH) was defined as LVMI > the sex-specific P95th of LVMI

BW Birthweight, GA Gestational age, LVH Left ventricle hypertrophy, HDP Hypertensive disorders in pregnancy, GDM Gestational diabetes mellitus
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P for non-linear <0.001*
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Fig. 1 The restricted cubic spline of BW and SBP (n=943). The red
lines indicate the predicted cardiovascular parameters derived from
the restricted cubic spline regression model with 3 knots at the 5th,
50th, and 95th percentiles of BW. The shadow indicates the 95%Cls.
Tests for non-linearity were conducted by using likelihood ratio tests.
BW, birthweight; SBP, systolic blood pressure

prehypertension, even in early childhood. The risk of
hypertension was not significant associated with GA,
potentially because of the small sample size of preterm
children with hypertension in our population. Recent
studies have also found a significant inverse correlation
between SBP and GA [3, 16, 33], and individuals of pre-
term birth or those with fetal growth restriction have a
tendency for elevated BP levels in childhood and adult-
hood [34-36]. Some studies found that LBW might
increase the risk of hypertension in the future [37, 38],
but LBW individuals are usually preterm. However, no
study has explored the independent association of GA
and BW on BP. Our results suggest that for LBW chil-
dren, the increase in BP maybe arise independently from
preterm birth. Increased BW for preterm birth infants
could potentially reduce BP in childhood.

BP is mainly influenced by BMI [39]. Obese children
usually have higher BP which could explain the high
BW children have higher BP than normal BW in the
U-shape line of BW and BP. For preterm or LBW chil-
dren, the BMI was lower than normal; however, they
may still have higher BP and risk of hypertension dur-
ing adolescence and adulthood [40-42]. This phenom-
enon is particularly interesting. It can be hypothesized
that the mechanism is as follows: GA mainly influences
children by the duration of the intra or extra uterine envi-
ronmental exposure and affects the degree of fetal organ
development through perinatal reprogramming [43]. It
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is determined by the maternal and/or fetal health con-
dition. High SBP and normal or low DBP indicates high
pulse pressure and increased blood vessel stiffness. Pre-
term and fetal growth restriction babies have defects in
renal development with less nephron [44]. Vascular or
cardiac development defection or early exposure to extra
uterine environment can cause early hypoxic or inflam-
mation damage, which then leads to accelerated vascular
aging, vascular elastance reduction, and cardiac remod-
eling [40-42]. Additionally, the sympathetic system is
overactivated, and parasympathetic nervous system tone
is deficient in preterm infants [33]. Early stress response
stimulates elevation of BP raising hormones that finally
contribute to a greater SBP [43]. Furthermore, higher BP
in preterm birth children has been proposed to be influ-
enced by other intrauterine or postnatal factors, aside
from their own BMI state, such as maternal disease, like
hypertension or diabetes, and children’s early fast weight
gain or catch-up growth pattern [45]. In this study, after
adjusting for BMI, the risk of low GA with prehyperten-
sion was significant. Postnatal weight gain played a medi-
ating effect on GA and BP, suggesting postnatal growth
might play an important role in the relationship between
GA and BP. For preterm or LBW, early overnutrition
can improve malnutrition or growth retardation, but it
increases the risk of CVD in the future [46-48]. Early
growth management in preterm infants remains a chal-
lenge and is worthy of further exploration.

Recent studies have found similar results of a relation-
ship between BW and LV structure and function. The
studies by Toemen et al. [49] and Zhang et al. [50] found
that children who are larger at birth, and have a longtime
burden of excessive growth, are at increased risk of LV
hypertrophy in adolescence and adulthood. A study by
Harris et al. [51] similarly found that very low BW adults
had smaller LVs, higher LV elastance, and lower arterial
elastance. However, existing studies usually focus on spe-
cific disease participants and have only addressed either
GA or BW with cardiovascular measurements. Our study
is the first to report an independent and interactive asso-
ciation of GA and BW on cardiovascular measurements
in continuous data.

BW influences LV structure and function potentially
via BMI burden from birth. BW reflects the size and
growth condition of body and organs during the fetal
stage. It is influenced by GA, maternal nutrition state,
intrauterine environment, fetal organ weight, and so
on. However, both BP and LV structure are determined
to some degree by the growth and BMI of children.
The number of fat cells has been determined previ-
ously in neonates [52]. The body or organ size in the
future is determined by the size in early life [53]. It is
known that high BW may contribute to maintenance
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of BMI burden throughout life [22, 54]. BP and LV
wall thickness are known to have a positive associa-
tion with BMI [39]. Excessive BMI can be detrimental
to LV function and increase the risk of LV dysfunction,
hypertrophy, and hypertension in both adolescents
and adults [19, 55-58]. However, in early childhood,
changes in LV structure may arise from physiological
factors rather than pathological ones. Function dam-
age would be relatively small while the heart would get
bigger and heavier as the body grows. Therefore, the
growth of the body is typically faster than the growth
of the heart. LVMI therefore might not change sig-
nificantly with BW while only increases in LVM are
observed.

In other studies, GA has been found to influence
both cardiac structure and function. Preterm children
might have defects in both cardiac development and
growth. Goss et al. [10] and Mohlkert et al. [17] found
that children, adolescents, and young adults born pre-
maturely had significantly smaller biventricular cardiac
chamber size and decreased cardiac mass with altered
systolic and diastolic functions. But, in our study, the
cardiac structure and function were not influenced by
GA. The reason might be like this. GA had a negative
association with BP, which means that preterm babies
might have a higher BP in the future. It has been pro-
posed that LV hypertrophy is caused by high SBP [59].
According to current studies, preterm children have
smaller heart sizes and masses than term babies. For
preterm children, BP and the influence of postnatal
catch-up growth on cardiac growth could balance the
change of cardiac structure in the early childhood.
However, if the high BP condition is persistent, cardiac
hypertrophy might occur in the future [6].

It should be noted that this study had some limita-
tions. First, the sample size of extreme preterm and
post-term birth and extremely low or macrosomia
children were relatively small in our study, which may
have contributed to bias to the results. Further studies
with larger sample sizes are needed to draw stronger
conclusions. Second, echocardiography for younger
children requires sedatives to be administered dur-
ing the examination, and so it was only performed
at 4 years old, presenting a major study limitation
as these parameters may have changed during early
development. As this is an ongoing cohort, longitudi-
nal assessment of cardiovascular parameters will be
performed again in a further follow-up. Third, we did
not collect blood metabolism biomarkers, other car-
diovascular measurements, and information of other
confounders, such as daily exercise, diet, and sleep.
Further studies with more detailed information are
recommended.
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Conclusions

GA and BW have different effects on cardiovascular meas-
urements in 4 years old. BP was negatively correlated with
GA. The relationship of BW and BP was non-linear. BW had
a greater impact on LV structure and function than GA. The
LV wall thickness, interventricular diameter, volume, and
mass increased with BW. The LV function decreased with
BW. Small GA played a more important role in the occur-
rence of high BP than low or high BW. Heart size and func-
tion at 4 years old was influenced mostly by BW and not by
GA. BW and GA are important factors in early childhood
cardiovascular health. Therefore, BW control, prevention
of preterm birth, and early cardiovascular risk screening in
children are recommended to help early prevention on chil-
dren from getting cardiovascular diseases.

Abbreviations

GA Gestational age

BW Birthweight

LBW Low birthweight

NBW Normal birthweight

BMI Body mass index

HDP Hypertensive disorders in pregnancy
GDM Gestational diabetes mellitus

SBP Systolic blood pressure

DBP Diastolic blood pressure

Lv Left ventricle

Ivsd Ventricle interventricular septal thickness in diastole
LvIDd LV internal diameter in diastole

LVPWd LV posterior wall thickness in diastole
IVSs Ventricle interventricular septal thickness in systole

LVIDs LV internal diameter in systole
LVPWs LV posterior wall thickness in systole
RWT Relative wall thickness

LVM Left ventricle mass

LVMI LV mass index

cMT Carotid artery intima-media thickness
LVEF LV ejection fraction

LVFS LV fractional shorting

Cco Cardiac output

SV Stroke volume

TPVR Total peripheral vascular resistance
MAP Mean arterial pressure

EDV End diastolic volume

ESV End systolic volume

VTI Velocity time integral

GLS Global longitudinal strain
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