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Abstract

Background: Maternal blood pressures in pregnancy is an important determinant of offspring size at birth. However,
the relationship between maternal blood pressures and offspring’s size at birth is not consistent and may vary between
ethnic groups. We examined the relationship between maternal peripheral and central blood pressures and offspring
size at birth in an Asian multi-ethnic cohort, and effect modifications by maternal ethnicity and obesity.

Methods: We used data from 713 participants in the Growing Up in Singapore Towards Healthy Outcomes study
consisting of pregnant Chinese, Malay and Indian women recruited from two tertiary hospitals between 2009 to 2010.
Peripheral systolic and diastolic blood pressures (SBP and DBP), and central SBP and pulse pressure (PP) were measured
around 27 weeks of gestation. Biometric parameters at birth were collected from medical records.

Results: After adjusting for maternal and fetal covariates, each 1-SD increase (10.0 mmHg) in central SBP was inversely
associated with birth weight (−40.52 g; 95% confidence interval (CI) -70.66 to −10.37), birth length (−0.19 cm; −0.36
to −0.03), head circumference (−0.12 cm; −0.23 to −0.02) and placental weight (−11.16 g; −20.85 to −1.47). A one-SD
(11.1 mmHg) increase in peripheral SBP was also associated with lower birth weight (−35.56 g; −66.57 to −4.54). The
inverse relations between other blood pressure measures and offspring size at birth were observed but not statistically
significant. Higher peripheral SBP and DBP and central SBP were associated with increased odds of low birth weight
(defined as weight <2500 g) and small for gestational age (defined as <10th percentile for gestational age adjusted
birth weight). Maternal adiposity modified these associations, with stronger inverse associations in normal weight
women. No significant interactions were found with ethnicity.

Conclusions: Higher second-trimester peripheral and central systolic pressures were associated with smaller offspring
size at birth, particularly in normal weight women. Findings from this study reinforces the clinical relevance of antenatal
blood pressure monitoring.
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Background
Birth weight is an important measure of intra-uterine
growth. Various maternal and fetal factors are known
to influence size at birth [1,2]. Amongst these factors,
maternal blood pressure has been considered as an
important determinant. Various epidemiological studies
have suggested that maternal hypertension is associated
with an increased risk of lower birth weight [3,4]. Reduced
utero-placental function has been suggested as one
possible mechanism because this has been found to
occur in women with concurrent pre-eclampsia and
fetal growth restriction [2].
Several studies have investigated the associations

between offspring’s birth weight and maternal peripheral
[3,5-17] and central blood pressures [9,13,14], with inverse
relations reported in most studies [3,5-9,13-17], but not
all [10-12]. Some studies have also suggested that the
relation between maternal central blood pressures and
size at birth may be more pronounced than peripheral
blood pressures [13,14]. However, very few studies have
examined both peripheral and central blood pressures and
the sample sizes were small in previous studies [9,13,14].
There is evidence that the relation between maternal

blood pressures and offspring’s birth weight were found
to be stronger in Asian Indians than white or black
women [15], and was more evident in normal weight
women than obese women [6]. As the incidence of small
for gestational age in Southeast Asian women is one of
the highest in the world [18], examining inter-ethnic
variation may enable specific and appropriate public health
interventions.
Therefore, we aimed to simultaneously examine

both maternal peripheral and central blood pressures
in relation to size at birth, and to explore the possible
effect modification by maternal ethnicity or adiposity
in pregnancy in a Southeast Asian birth cohort of pregnant
Chinese, Malay and Indian women.

Methods
The present study sample was drawn from the Growing
Up in Singapore Towards Healthy Outcomes (GUSTO)
study, a prospective early life cohort study comprising
Chinese, Indian and Malay women [19]. Between 2009
and 2010, a total of 1162 pregnant women without type
1 diabetes or using chemotherapy or psychotropic drugs
were recruited from two tertiary hospitals in Singapore.
We excluded 333 women (28.6%) women who did not
attend the blood pressure measurements or had incomplete
recordings around 27 weeks, and 116 women who had
incomplete demographic and pregnancy information,
leaving a total of 713 women for the current analysis
(Figure 1). Women who were excluded from the analysis
had similar demographic characteristics compared
with those who were included, although they had shorter
gestation duration and smaller offsprings (Additional file 1:
Table S1). The GUSTO study was approved by the
SingHealth Centralized Institutional Review Board
(CIRB Ref: 2009/280/D) and National Health Group
Domain Specific Review Board (DSRB Ref: 09/021), and
all participants have given informed consents.
At their enrolment visit prior to 14 weeks gestation, study

participants were interviewed for baseline information on
age, ethnicity, educational level, pre-pregnancy body weight,
smoking history, coffee consumption and number of previ-
ous live-births. They were followed up at mid-pregnancy
[median gestation of 27 weeks (interquartile range 26 to
29 weeks)] to measure maternal height and weight, as
well as blood pressures using standard protocols [20].
Depression status (defined as an overall score of 13 or
greater from the self administered Edinburgh Postnatal
Depression Scale) and gestational diabetes (defined as
fasting plasma glucose ≥7.0 mmol/L or 2-hour glu-
cose ≥11.1 mmol/L) [21] was also examined during
this visit. Maternal body mass index (BMI) before
pregnancy and GUSTO mid-pregnancy follow-up visit
were calculated as weight in kg divided by the square
of height in meter, and categorised as normal weight
for BMI <25.0 kg/m2, overweight as 25.0 to 29.9 kg/m2 and
obese as ≥30.0 kg/m2 according to the WHO international
classification [22]. Rate of weight gain was calculated as the
weight difference before pregnancy and at GUSTO
mid-pregnancy follow-up visit in kg divided by the
length of gestation during mid-pregnancy in weeks.
Study participants were rested for at least 10 minutes

prior to the first blood pressure measurement. Peripheral
systolic and diastolic blood pressures (SBP and DBP) were
taken on the right brachial artery at the level of the heart.
Using an oscillometric device (MC3100, HealthSTATS
International Pte Ltd, Singapore), three blood pressure
readings were taken consecutively at 30 to 60 seconds
apart to obtain the average reading of SBP and DBP. The
A-pulse tonometer (BPro®, HealthSTATS International
Pte Ltd, Singapore) was then applied on the radial
artery of the same arm for continuous sampling of
radial artery waveforms for at least 60 seconds. Central
SBP was estimated from the calibrated radial artery
waveforms [20], and central pulse pressure (PP) was
calculated as the difference between central SBP and
peripheral DBP [23].
Information on offspring size at birth (weight, length,

head circumference and placental weight) were extracted
from medical records, which were measured by midwives
according to standard hospital protocols. Gestational age
adjusted standard deviation (SD) scores for birth weight,
length, head circumference and placental weight were
constructed for the GUSTO cohort. The binary outcome
of low birth weight was defined as weight at birth
<2500 g, and small for gestational age was defined as those



GUSTO Cohort

(n=1162)

Women with  blood pressure measurements 
and evaluable radial pulse wave forms at 27 

weeks gestation (n=829)

Women with information on size at birth 

Birth weight (n=795); length (n=794); head circumference (n=794); 
placenta  (n=779)

Available data for analysis

Birth weight (N=713); length (N =711); head circumference (N=711); 
placenta (N=699)

Excluded due to missing covariates: age & ethnicity (n=12); education 
(n=9); maternal weight and height (n=17); parity, gestation at delivery and 
babys gender (n=1); smoking history (n=23), coffee (n=1) and  Edinburgh 

Postnatal Depression Score (n=19) 

(total n=82)

Excluded due to missing birth weight

(n=34)

Excluded due to no blood pressure or radial pulse wave measurement at 
27 weeks gestation (n=269) and poor wave forms (n=64)

(total n=333)

Figure 1 Flow chart of the GUSTO study sample selected for analysis.
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who were below the 10th percentile for gestational age
adjusted birth weight.
Blood pressure values were converted into SD scores,

whereby per 1-SD increase in peripheral SBP and DBP
was equivalent to 11.1 and 8.3 mmHg, respectively, and
central SBP and PP to 10.0 and 6.5 mmHg, respectively.
Maternal characteristics were compared across blood
pressures using analysis of variance. The relationship
between blood pressures and size at birth were examined
using multiple linear and logistic regression models for
continuous and binary birth size outcomes, respectively.
All analyses were adjusted for baby’s sex, gestation
age at delivery in weeks, maternal age, ethnicity, education,
parity, smoking history, height, BMI around 27 weeks
gestation, coffee consumption and depression. No adjust-
ment was made for chronic hypertension as there were
only 13 (1.8%) women with this condition.
We further evaluated the potential effect modification by

maternal ethnicity (Chinese, Indian, or Malay) and BMI
categories (normal, overweight, or obese). Multiplicative
interaction terms with blood pressures as continuous vari-
able and ethnicity or BMI as a categorical variable were
added to the final model, and the likelihood ratio test was
used to evaluate significance. We also reported the results
stratified by maternal ethnicity (Chinese, Indian, or Malay)
and BMI category (normal weight, overweight, or obese).
We performed a series of sensitivity analyses to test the

robustness of our results: (1) we additionally adjusted for



Table 1 Distribution of maternal blood pressures by maternal characteristics*

Maternal characteristics No (%) Peripheral systolic
blood pressure
(mmHg)

Peripheral diastolic
blood pressure
(mmHg)

Central systolic
blood pressure
(mmHg)

Central pulse
pressure (mmHg)

Mean (SD) P Mean (SD) P Mean (SD) P Mean (SD) P

Age at booking (years) 0.54 0.26 0.62 0.36

1st quartile (18–26) 162 (22.7) 110.2 (12.0) 66.5 (8.7) 96.5 (10.6) 30.0 (6.9)

2nd quartile (27–29) 148 (20.8) 109.6 (10.5) 67.1 (8.4) 96.3 (9.6) 29.3 (5.7)

3rd quartile (30–33) 204 (28.6) 108.7 (11.0) 65.8 (7.8) 96.4 (9.8) 30.5 (6.7)

4th quartile (34–46) 199 (27.9) 108.9 (10.7) 67.4 (7.9) 97.5 (9.8) 30.1 (6.4)

Race 0.001 0.005 0.34

Chinese 399 (55.9) 108.4 (10.9) 66.3 (8.2) 0.004 95.9 (9.9) 29.7 (6.4)

Indian 118 (16.6) 108.3 (10.8) 65.4 (7.9) 95.9 (9.3) 30.4 (7.1)

Malay 196 (27.5) 111.8 (11.2) 68.2 (8.3) 98.7 (10.2) 30.4 (6.3)

Education 0.005 0.001 0.84

Primary-Secondary 229 (32.1) 109.7 (11.5) 67.0 (8.4) <0.001 97.2 (10.4) 30.2 (6.5)

Post-Secondary 245 (34.4) 110.7 (11.4) 67.9 (8.2) 98.0 (10.0) 30.1 (6.7)

Tertiary 239 (33.5) 107.5 (10.2) 64.9 (7.8) 94.8 (9.2) 29.8 (6.3)

Smoking Status 0.01 0.29 0.14 0.34

Never smoker 618 (86.7) 108.9 (10.9) 66.4 (8.4) 96.5 (9.8) 29.9 (6.4)

Ever smoker 95 (13.3) 111.9 (11.7) 67.5 (8.5) 98.1 (11.0) 30.6 (6.8)

Coffee Consumption 0.80 0.45 0.39 0.73

No 369 (51.8) 109.2 (10.9) 66.5 (8.4) 96.4 (9.9) 29.9 (6.8)

Yes 344 (48.2) 109.4 (11.2) 66.9 (8.0) 97.0 (9.9) 30.1 (6.2)

Parity 0.47 0.72 0.26 0.17

Nulliparous 311 (43.6) 109.1 (11.0) 66.6 (7.9) 96.2 (9.6) 29.6 (6.7)

Primiparous 246 (34.5) 108.9 (11.3) 66.4 (8.3) 96.6 (10.2) 30.2 (6.5)

Multiparous 156 (21.9) 110.3 (10.7) 67.1 (8.5) 97.8 (10.2) 30.7 (6.0)

Gestational Diabetes** 0.10 0.02 0.02 0.40

No 540 (81.4) 109.1 (10.7) 66.4 (7.9) 96.3 (9.6) 29.9 (6.4)

Yes 123 (18.6) 110.9 (11.6) 68.2 (8.6) 98.7 (10.7) 30.5 (6.4)

Pre-pregnancy BMI (kg/m2)*** <0.001 <0.001 <0.001 0.29

<25.0 518 (76.4) 107.0 (10.3) 65.1 (7.6 ) 94.7 (9.4) 29.7 (6.5 )

25.0-29.9 113 (16.7) 114 (9.7) 70.9 (8.3) 101.3 (8.8) 30.4 (6.4)

≥30.0 47 (6.9) 119.4 (10.8) 73.4 (7.2) 104.3 (8.9) 30.9 (6.7)

Rate of weight gain at 27 weeks (kg/week)*** 0.005 0.004 0.006 0.80

1st tertile (−0.42 – 0.25) 227 (33.5) 107.8 (11.0) 65.9 (8.6) 95.7 (10.1) 29.8 (6.6)

2nd tertile (0.26 – 0.37) 218 (32.2) 108.4 (10.2) 65.8 (8.1) 95.6 (9.1) 29.8 (6.6)

3rd tertile (0.38 – 1.38) 233 (34.5) 110.9 (11.2) 68.1 (7.7) 98.2 (10.0) 30.1 (6.3)

Second trimester BMI (kg/m2) <0.001 <0.001 <0.001 <0.001

<25.0 329 (46.2) 104.7 (9.9) 63.9 (7.7) 92.9 (9.3) 29.0 (6.2)

25.0-29.9 259 (36.3) 110.9 (9.8) 67.3 (7.4) 98.2 (8.7) 30.8 (6.5)

≥30.0 125 (17.5) 117.9 (10.6) 72.8 (7.4) 103.8 (9.4) 31.0 (6.7)
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Table 1 Distribution of maternal blood pressures by maternal characteristics* (Continued)

Depression 0.99 0.71 0.46 0.52

Not depressed 631 (88.5) 109.3 (11.2) 66.7 (8.1) 96.8 (10.1) 30.1 (6.5)

Depressed 82 (11.5) 109.3 (10.1) 66.4 (9.0) 95.9 (8.9) 29.6 (6.1)

SD, standard deviation; BMI, body mass index.
*Data are represented as n (%) or mean (SD) where appropriate. P values were derived from analysis of variance.
**There were 50 women with missing values for gestational diabetes.
***There were 35 women with missing values for pre-pregnancy BMI and rate of weight gain.
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gestational diabetes (n = 663 due to 50 missing data for
gestational diabetes status); (2) we examined a subgroup
of 705 women within normal range of blood pressures
(peripheral SBP and DBP below 140 and 90 mmHg,
respectively); (3) we repeated our analysis using the
imputed data (20 sets) for the missing information on
blood pressures (imputed based on maternal age, ethnicity,
education, parity, gestational diabetes, height and BMI
around 27 weeks of gestation, and the respective outcome
variable); (4) we adjusted for pre-pregnancy BMI and rate
of weight gain instead of BMI around 27 weeks of gestation
(n = 678 due to 35 missing data for pre-pregnancy weight);
(5) we used tertiles of BMI around 27 weeks gestation
instead of the WHO classification to test for interaction
between maternal adiposity and blood pressures; (6) lastly,
we examined gestational age adjusted size at birth measures
as the outcomes instead of actual values to better account
for the effect of gestational duration on size at birth.
All analyses were performed using Stata version 11.2
(Statacorp, College Station, Texas), with statistical signifi-
cance at two-sided p value less than 0.05.

Results
Of the 713 women studied, 339 (55.9%) were Chinese,
196 (27.5%) were Indians and 118 (16.6%) were Malays.
The mean age at enrolment was 30.5 (SD = 5.1) years.
At the GUSTO study follow-up, 17.5% were obese at
around 27 weeks of gestation (Tables 1 and Additional
file 1: Table S1). Mean (SD) values for offspring’s birth
weight, length, head circumference and placental weight
Table 2 Associations between blood pressures (per 1-SD incre

Measures of
size at birth

N Peripheral systolic
blood pressure
(1 SD = 11.1 mmHg)

Periphe
blood p
(1 SD =

ß (95% CI) ß (95%

Weight (g) 713 −35.56 (−66.57 to −4.54) −25.13 (−

Length (cm)** 711 −0.16 (−0.32 to 0.01) −0.10 (−

Head circumference (cm)** 711 −0.09 (−0.19 to 0.02) −0.08 (−

Placental weight (g)*** 699 −8.78 (−18.74 to 1.19) −6.94 (−

SD, standard deviation; CI, confidence interval.
*Multiple linear regression models were used with adjustment for baby’s sex, gestat
height, BMI at 27 weeks gestation, coffee consumption and depression.
**There were 2 women with missing information on length and head circumference
***There were 14 women with missing information on placental weight.
were 3113.5 (435.0) g, 48.7 (2.2) cm, 33.4 (1.4) cm, and
585.3 (118.9) g, respectively. Women of Malay ethnicity,
lower education levels and higher BMI categories were
more likely to have higher peripheral and central blood
pressures (p < 0.01, Table 1).
After adjusting for maternal and fetal covariates, cen-

tral SBP was inversely associated with all birth measures,
and peripheral SBP was inversely associated with birth
weight (all p < 0.05; Table 2). For example, each 1-SD
increase (10.0 mmHg) in central SBP was inversely
associated with birth weight (−40.52 g; 95% confi-
dence interval [CI] -70.66 to −10.37), birth length
(−0.19 cm; −0.36 to −0.03), head circumference
(−0.12 cm; −0.23 to −0.02) and placental weight
(−11.16 cm; −20.85 to −1.47). One-SD (11.1 mmHg)
increase in peripheral SBP was also associated with
35.56 g lower birth weight (95% CI −66.57 to −4.54).
The relations between other blood pressure measures
and offspring size at birth were in the same direction
but not statistically significant. Results were also not
materially different in various sensitivity analyses
(Additional file 1: Table S2).
We found no significant interactions between blood

pressures and ethnicity in relation to size at birth (Table 3).
Stratified results for different ethnic groups showed that
the associations between blood pressures (peripheral SBP,
DBP and central SBP) and birth weight were significant in
Chinese women only, but not significant in Malay or
Indian women. However, the 95% CIs were large and
tended to overlap among the three ethnic groups. We
ase) and size at birth*

ral diastolic
ressure
8.3 mmHg)

Central systolic
blood pressure
(1 SD = 10.0 mmHg)

Central pulse pressure
(1 SD = 6.5 mmHg)

CI) ß (95% CI) ß (95% CI)

55.36 to 5.09) −40.52 (−70.66 to −10.37) −24.10 (−51.24 to 3.03)

0.27 to 0.06) −0.19 (−0.36 to −0.03) −0.14 (−0.28 to 0.01)

0.18 to 0.02) −0.12 (−0.23 to −0.02) −0.07 (−0.16 to 0.02)

16.63 to 2.76) −11.16 (−20.85 to −1.47) −6.44 (−15.04 to 2.16)

ion at delivery, maternal age, ethnicity, education, parity, smoking history,

.



Table 3 Associations between blood pressures (per 1-SD increase) and size at birth by maternal ethnicity*

Maternal ethnicity N Peripheral systolic
blood pressure
(1 SD = 11.1 mmHg)

Peripheral diastolic
blood pressure
(1 SD = 8.3 mmHg)

Central systolic
blood pressure
(1 SD = 10.0 mmHg)

Central pulse pressure
(1 SD = 6.5 mmHg)

ß (95% CI) ß (95% CI) ß (95% CI) ß (95% CI)

Weight (g)

Chinese 399 −49.10 (−89.63 to −8.56) −37.74 (−76.82 to 1.33) −52.12 (−91.19 to −13.11) −26.49 (−62.65 to 9.67)

Indian 118 −17.37 (−98.58 to 63.84) 0.17 (−76.87 to 77.22) −30.70 (−109.08 to 47.67) −29.87 (−91.32 to 32.15)

Malay 196 −4.88 (−70.38 to 60.62) −17.29 (−80.97 to 46.39) −17.00 (−80.93 to 46.93) −3.21 (−63.08 to 56.65)

P for interaction 0.96 0.78 0.98 0.96

Length (cm)**

Chinese 398 −0.11 (−0.35 to 0.12) −0.14 (−0.37 to 0.08) −0.16 (−0.39 to 0.06) −0.05 (−0.26 to 0.16)

Indian 117 −0.14 (−0.54 to -.26) −0.07 (−0.44 to 0.31) −0.19 (−0.57 to 0.19) −0.13 (−0.43 to 0.18)

Malay 196 −0.24 (−0.57 to 0.08) 0.05 (−0.27 to 0.37) −0.24 (−0.56 to 0.08) −0.38 (−0.67 to −0.08)

P for interaction 0.16 0.96 0.29 0.09

Head circumference (cm)**

Chinese 398 −0.13 (−0.28 to 0.01) −0.13 (−0.27 to 0.00) −0.17 (−0.31 to −0.04) −0.08 (−0.21 to 0.05)

Indian 117 −0.04 (−0.32 to 0.23) 0.10 (−0.15 to 0.36) −0.10 (−0.37 to 0.16) −0.18 (−0.39 to 0.02)

Malay 196 0.03 (−0.19 to 0.26) −0.09 (−0.31 to 0.13) −0.00 (−0.22 to 0.22) 0.09 (−0.11 to 0.30)

P for interaction 0.69 0.81 0.63 0.18

Placenta weight (g)***

Chinese 392 −8.27 (−21.94 to 5.40) −6.28 (−19.47 to 6.92) −11.22 (−24.43 to 1.99) −7.43 (−19.37 to 4.51)

Indian 115 −11.15 (−37.06 to 14.76) −5.05 (−29.82 to 19.72) −13.62 (−38.69 to 11.44) −8.94 (−28.84 to 10.95)

Malay 192 −9.16 (−28.52 to 10.19) −12.83 (−31.39 to 5.73) −11.79 (−30.53 to 6.94) −1.13 (−18.65 to 16.39)

P for interaction 0.93 0.80 0.89 0.97

SD, standard deviation; CI, confidence interval.
*Multiple linear regression models were used with adjustment for baby’s sex, gestation at delivery, maternal age, education, parity, smoking history, height, BMI at
27 weeks gestation, coffee consumption and depression.
**There were 2 women with missing information on length and head circumference.
***There were 14 women with missing information on placental weight.
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detected significant interactions between blood pressures
and maternal BMI categories in relation to offspring’s
birth weight, length and head circumference, with stronger
associations in normal weight women rather than over-
weight/obese women (Table 4). Similar interactions were
observed when tertiles of maternal BMI around 27 weeks
gestation were used (Additional file 1: Table S3).
To further account for the influence from gestational

age, we used gestational age adjusted SD scores of size at
birth as the outcomes, and similar findings were observed
(Additional file 1: Tables S4-S6). Using binary variables of
birth weight, we found that higher peripheral and central
blood pressures were associated with higher odds for low
birth weight and small for gestational age infants (Table 5).
Tests for interactions between maternal ethnicity and
blood pressures were not significant (data not shown),
whereas the interactions between maternal BMI category
and blood pressures (peripheral SBP, central SBP and PP)
were borderline significant for small for gestational age
(p = 0.04 to 0.06), and the interaction between maternal
BMI category and central PP was significant for low birth
weight (p = 0.01). Again, the odds ratios were generally
stronger in normal weight women compared to overweight/
obese women (Table 5).

Discussion
We found associations between higher maternal blood
pressures and smaller offspring. Maternal adiposity modi-
fied the associations with stronger inverse associations in
normal weight women than their overweight/obese coun-
terparts. No significant effect modification by ethnicity were
found, although Chinese women with higher blood
pressures tended to have smaller offspring.
Our finding of an inverse association between maternal

blood pressures and offspring size at birth is consistent with
previous studies [3,5-9,13-17]. For example, Bakker et al.
[5] reported that per one-SD increase in SBP and DBP at
mean gestation of 30.2 weeks (range 28.4 to 32.9 weeks)
was associated with 16.9 g and 50.6 g lower birth weight,
respectively. Among non-hypertensive women, higher per-
ipheral blood pressures (range of gestation 26 to 39 weeks)
were also associated with lower birth weight [9]; and higher



Table 4 Associations between blood pressures (per 1-SD increase) and size at birth by maternal BMI*

Maternal BMI according to
WHO classification

N Peripheral systolic
blood pressure
(1 SD = 11.1 mmHg)

Peripheral diastolic
blood pressure
(1 SD = 8.3 mmHg)

Central systolic
blood pressure
(1 SD = 10.0 mmHg)

Central pulse pressure
(1 SD = 6.5 mmHg)

ß (95% CI) ß (95% CI) ß (95% CI) ß (95% CI)

Weight (g)

BMI <25.0 kg/m2 329 −74.50 (−117.92 to −31.08) −38.79 (−80.33 to 2.74) −81.36 (−122.36 to −40.32) −66.81 (−105.84 to −27.80)

BMI 25.0-29.9 kg/m2 259 −26.64 (−79.84 to 26.56) −60.87 (−111.65 to −10.10) −41.90 (−94.50 to 10.69) 13.56 (−31.22 to 58.35)

BMI ≥30.0 kg/m2 125 14.59 (−72.21 to 101.40) 80.71 (−8.57 to 170.01) 41.23 (−45.56 to 128.03) −24.39 (−99.09 to 50.31)

P for interaction 0.06 0.02 0.02 0.02

Length (cm)**

BMI <25.0 kg/m2 327 −0.40 (−0.65 to −0.15) −0.18 (−0.42 to 0.05) −0.44 (−0.68 to −0.21) −0.40 (−0.63 to −0.18)

BMI 25.0-29.9 kg/m2 259 0.04 (−0.25 to 0.33) −0.29 (−0.56 to −0.01) −0.09 (−0.38 to 0.19) 0.18 (−0.06 to 0.42)

BMI ≥30.0 kg/m2 125 −0.07 (−0.48 to 0.34) 0.51 (0.09 to 0.93) 0.12 (−0.29 to 0.54) −0.31 (−0.66 to 0.04)

P for interaction 0.04 0.009 0.03 0.001

Head circumference (cm)**

BMI <25.0 kg/m2 327 −0.19 (−0.35 to −0.04) −0.20 (−0.35 to −0.06) −0.22 (−0.37 to −0.07) −0.07 (−0.21 to 0.07)

BMI 25.0-29.9 kg/m2 259 −0.08 (−0.27 to 0.10) −0.10 (−0.28 to 0.08) −0.12 (−0.31 to 0.06) −0.03 (−0.19 to 0.12)

BMI ≥30.0 kg/m2 125 0.17 (−0.11 to 0.45) 0.31 (0.02 to 0.59) 0.13 (−0.15 to 0.42) −0.12 (−0.36 to 0.12)

P for interaction 0.04 0.004 0.05 0.87

Placenta weight (g)***

BMI <25.0 kg/m2 323 −17.72 (−32.74 to −2.69) −11.45 (−25.67 to 2.76) −20.54 (−34.79 to −6.29) −14.05 (−27.27 to −0.83)

BMI 25.0-29.9 kg/m2 256 −5.85 (−21.75 to 10.06) −9.62 (−24.95 to 5.71) −10.14 (−25.91 to 5.62) −1.76 (−15.11 to 11.58)

BMI ≥30.0 kg/m2 120 −0.26 (−27.15 to 26.63) 4.16 (−23.54 to 31.87) 1.23 (−25.54 to 27.99) −2.27 (−25.05 to 20.51)

P for interaction 0.18 0.49 0.15 0.25

SD, standard deviation; CI, confidence interval; BMI, body mass index.
*Multiple linear regression models were used with adjustment for baby’s sex, gestation at delivery, maternal age, ethnicity, education, parity, smoking history,
height, BMI at 27 weeks gestation, coffee consumption and depression.
**There were 2 women with missing information on length and head circumference.
***There were 14 women with missing information on placental weight.
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central blood pressures (range of gestation 22 to 39 weeks)
were associated with lower birth weight [13,14].
However, there are studies with conflicting results. For

example, two previous studies measuring DBP from
34 weeks gestation onwards [12] and the average of SBP
and DBP during pregnancy [10] have described a u-shaped
association with birth weight. In another perinatal cohort
study, DBP measured between 15 to 24 weeks gestation
were not found to be significantly associated with
birth weight [11]. These studies [10,12] were based
on retrospective cohorts design that utilized blood
pressure information collected under clinical context
whereas studies that reported inverse associations were
prospective cohort design with blood pressure information
collected by the study investigators. Furthermore, the DBP
measures reported in these retrospective cohort studies
[11,12] were based on either Korotkoff Phase IV or V from
standard mercury sphygmomanometer compared to the
automated oscillometric device used in other studies [5,6]
or Spacelabs blood pressure monitor [7,8]. Varying DBP
measures arising from the different Korotkoff phases [24]
and blood pressure devices could have contributed to the
conflicting results.
Some studies have suggested that central blood

pressures may be more relevant to size at birth than
the conventional peripheral blood pressures, because
blood pressure differences were more pronounced in
central than peripheral measures [13,14]. However, in
the current analysis, we found similar effect estimates
between central and peripheral blood pressures, which
is consistent with an earlier report by Elvan-Taspinar et al.
[9]. Although central blood pressures may be better
markers for arterial stiffness [23,25], the role of central
and peripheral blood pressures in relation to offspring
birth size have yet to be ascertained due to the limited and
divergent literature.
The exact mechanisms linking higher maternal blood

pressures and smaller offspring are unclear. Several stu-
dies have observed that women with preeclampsia and
low birth weight offsprings share a common link in
placental dysfunction [26-29]. But whether placental
dysfunction precedes maternal hypertension, or that it



Table 5 The association between maternal blood pressures (per 1-SD increase) and low birth weight and small for
gestational age

N Peripheral systolic
blood pressure
(1 SD = 11.1 mmHg)

Peripheral diastolic
blood pressure
(1 SD = 8.3 mmHg)

Central systolic
blood pressure
(1 SD = 10.0 mmHg)

Central pulse pressure
(1 SD = 6.5 mmHg)

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Low birth weight

All women* 713 1.64 (1.12 to 2.41) 1.82 (1.27 to 2.61) 1.85 (1.29 to 2.67) 1.17 (0.85 to 1.62)

BMI categories**

BMI <25.0 kg/m2 329 2.12 (1.27 to 3.53) 1.70 (1.06 to 2.72) 2.41 (1.45 to 3.99) 1.82 (1.15 to 2.88)

BMI ≥25.0 kg/m2 384 1.09 (0.60 to 1.99) 1.88 (1.09 to 3.24) 1.28 (0.73 to 2.24) 0.62 (0.34 to 1.13)

P for interaction 0.11 0.86 0.14 0.01

Small for gestational age

All women* 713 1.58 (1.16 to 2.14) 1.41 (1.06 to 1.89) 1.70 (1.27 to 2.28) 1.36 (1.05 to 1.76)

BMI categories**

BMI <25.0 kg/m2 329 1.88 (1.24 to 2.86) 1.43 (0.97 to 2.09) 2.01 (1.35 to 3.00) 1.74 (1.19 to 2.53)

BMI ≥25.0 kg/m2 384 1.17 (0.72 to 1.92) 1.27 (0.79 to 2.03) 1.26 (0.79 to 2.03) 1.04 (0.69 to 1.55)

P for interaction 0.04 0.44 0.06 0.04

SD, standard deviation; OR, odds ratio; CI, confidence interval.
*Multiple logistic regression models were used with adjustment for baby’s sex, gestation at delivery, maternal age, ethnicity, education, parity, smoking history,
height, BMI at 27 weeks gestation, coffee consumption and depression. In the analysis of small for gestational age, gestation weeks at delivery was not
adjusted for.
**Adjusted baby’s sex, gestation at delivery, maternal age, ethnicity, education, parity, smoking history, height, BMI at 27 weeks gestation, coffee consumption and
depression. In the analysis for small for gestational age, gestation at delivery was not adjusted for. Women with BMI 25.0-29.9 or ≥ 30.0 kg/m2 were grouped
together due to problems with small sample size and model convergence.
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arises from maternal hypertension as a consequence of pre-
existing maternal predisposition to endothelial dysfunction,
current literature is still controversial [6,26,27,29]. Although
the exact mechanism is unclear, higher maternal blood
pressure could be a feature shared by both endothelial
dysfunction and placental dysfunction, as both entities
are not mutually exclusive [28].
A previous study by Lydakis et al. [15] found that the

relationship between higher maternal blood pressures
and lower birth weight was stronger in Asian Indians
than white or black women, but no studies have yet
tested the ethnic differences within Asian women. Our
study is the first in its kind in three Asian ethnicities,
and we observed no significant ethnic differences in the
association between blood pressure and birth outcomes.
Our results of inverse associations were also supported
by some studies in Asian women, where pre-eclampsia
was associated with increased risk to small for gestational
age in Chinese women [16] and lower birth weight in
Indian women [17]. However, we cannot exclude the
possibility of ethnic differences due to the smaller sub-
groups of Indian and Malay women in our cohort and
therefore was not powered to detect effect modification by
maternal ethnicity. Our exploratory analysis on the ethnic
differences in the relations between blood pressures and
birth size were among the first few in literature and future
studies are still needed to further explore the potential
ethnic differences.
Our finding on the effect modification by maternal
obesity is consistent with literature that lean or normal
weight women with higher blood pressures have smaller
offspring compared to their obese counterparts [6]. The
effect modification by maternal obesity on fetal growth
restriction, may be due to the higher fetal nutrient
supply in obese women [30], and the overall effect of
maternal obesity and blood pressures on birth weight may
be dependent on the balance of these factors [6,29].
There are several strengths of our study. The prospective

design enabled the evaluation of a comprehensive informa-
tion on offspring size at birth and a wide range of potential
confounding factors. Peripheral blood pressure and radial
pulse wave were measured in a detailed and standardized
approach, thereby minimizing inter-rater measurement
errors. Various sensitivity analyses suggested that our
results were robust.
We are aware of several limitations. First, we excluded

38.6% of the GUSTO participants due to missing informa-
tion on the exposures and covariates. However, we deemed
that the selection bias was unlikely to change our results
based on the sensitivity analysis using imputed data
(Additional file 1: Table S2). Second, we did not have
data on first and third trimester blood pressure, and thus
were unable to assess trimester specific blood pressure
changes during pregnancy in relation to size at birth.
Thirdly, the use of maternal BMI at 27 weeks gestation
may be affected by misclassication due to the growing
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fetus and fluid accumulation. We chose to use mid-
pregnancy BMI instead of pre-pregnancy BMI because
the latter measure was self-reported and thus suscep-
tible to information bias, and about 5% of the women
did not report their pre-pregnancy weights. Due to
the lack of pregnancy-specific classification for obesity, we
have used the WHO cut-offs for non-pregnant adults in
our study. However, our sensitivity analysis of using tertiles
of BMI suggested that the interaction with BMI categories
was robust. We did not measure maternal weight before
delivery, and could not know whether the relation between
blood pressure and birth size outcomes would be changed
if total weight gain during pregnancy was adjusted in the
model. Our results may also be affected by residual
confounding from coffee intake as it was self-reported,
and unmeasured confounding factors, like diet and physical
activity, are possible to explain our results.
Conclusion
In conclusion, our results provide further evidence that
higher second trimester blood pressures are associated with
smaller offspring, with a stronger association among
normal weight women. Therefore, routine antenatal moni-
toring of maternal blood pressures are clinically relevant
and important practice, and may have a positive impact on
offspring size at birth, particularly in normal weight women.
Additional file

Additional file 1: Table S1. Maternal characteristics by study inclusion
to the present study. Table S2. Sensitivity analysis for per 1-SD increase
in maternal blood pressures and size at birth. A series of analysis using
imputed data for missing information on maternal blood pressure;
varying the adjustment for maternal confounders such as gestational
diabetes, maternal adiposity using pre-pregnancy BMI and rate of weight
gain per week; and in a subgroup of women with peripheral systolic
blood pressures less than 140 mmHg and diastolic blood pressures less
than 90 mmHg. Table S3. Per 1-SD increase in maternal blood pressures
and size at birth by maternal BMI in tertiles. Table S4. Per 1-SD increase
in maternal blood pressures and gestational age adjusted SD scores of
birth size outcomes. Table S5. Per 1-SD increase in maternal blood
pressures and gestational age adjusted SD scores of birth size outcomes
by maternal ethnicity. Table S6. Per 1-SD increase in maternal blood
pressures and gestational age adjusted SD scores of birth size outcomes
by maternal BMI according to WHO classification.
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