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BACKGROUND Maternal hypertensive disorders of pregnancy (HDPs) are strongly associated with offspring congenital

heart defects.

OBJECTIVES This study assessed whether infants exposed to maternal HDPs were also more likely to have subtle

cardiac structural and functional abnormalities than unexposed infants.

METHODS We used regression analyses to compare: 1) left ventricular parameters from conventional echocardiography

performed in infants from the Copenhagen Baby Heart Study born to mothers with preeclampsia, gestational

hypertension (GH), or no HDP; and 2) advanced echocardiographic parameters for 545 term infants born to mothers with

preeclampsia and 545 matched infants not exposed to HDPs.

RESULTS Compared with infants unexposed to HDPs (n ¼ 17,384), infants exposed to preeclampsia (n ¼ 754) had a

thicker interventricular septum in end-diastole (adjusted mean difference [� SD] 0.05 [�0.02] mm; P ¼ 0.004), thicker

left ventricular posterior wall (0.04 [�0.02] mm; P ¼ 0.009), larger left ventricular internal diameter (0.12 [�0.06]

mm; P ¼ 0.04), and larger left ventricular volume (0.21 [�0.10] mL; P ¼ 0.03). Systolic function changes included

increased fractional shortening (0.36% [�0.14%]; P ¼ 0.01) and stroke volume (0.18 [�0.07] mL; P ¼ 0.006), whereas

diastolic function changes included lower transmitral early peak inflow velocity (�1.76 [�0.49] mL; P ¼ 0.0003), lower

mitral annulus lateral wall a’ (�0.21 [�0.09] cm/s; P ¼ 0.02), and smaller lateral E/e’ (�1.06 [�0.38] cm/s; P ¼ 0.005).

Conversely, there was little evidence of any association between maternal GH (n ¼ 469) and offspring left ventricular

parameters.

CONCLUSIONS Maternal preeclampsia, but not GH, was associated with subtle newborn cardiac morphological and

functional alterations, including thickening of the left ventricular myocardium and altered systolic and diastolic

function. (JACC Adv 2022;1:100059) © 2022 The Authors. Published by Elsevier on behalf of the American College of

Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

CHD = congenital heart defect

GH = gestational hypertension

HDP = hypertensive disorders

of pregnancy

IVSd = interventricular septal

end-diastolic thickness

LVIDd = left ventricular

internal diameter in end-

diastole

LVIDs = left ventricular

internal diameter in end-

systole

STE = speckle-tracking

echocardiography

TDI = tissue Doppler imaging
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H ypertensive disorders of pregnancy
(HDPs), including gestational hy-
pertension (GH), preeclampsia,

and eclampsia, affect approximately 10% of
pregnancies.1 Preeclampsia has been associ-
ated with offspring congenital heart defects
(CHDs).2-4 In a Danish study, the association
was consistent across CHD subtypes and
across pregnancies, with the strongest associ-
ations observed for early preterm
preeclampsia (onset <34 weeks’ gestation),4

suggesting that maternal mechanisms link
preeclampsia and offspring CHD.

GH is defined as incident hypertension
beginning $20 weeks’ gestation in the
absence of additional preeclampsia-defining
features.1,5 Whether GH is also associated
with offspring CHDs is unclear; the previ-
ously mentioned Danish study found little
evidence of any association between GH and
offspring CHDs of any type.4

Maternal preeclampsia is associated with elevated
umbilical cord and child serum levels of potential
markers of fetal cardiac damage in infants without
CHDs.6-8 These findings suggest that maternal
preeclampsia could also be associated with subtle
changes in offspring cardiac structure and function,
but this has never been studied systematically in a
large cohort of unselected infants. We used the
Copenhagen Baby Heart Study (CBHS) echocardio-
graphic data to investigate the extent to which
maternal preeclampsia and GH are associated with
left ventricular structural and functional parameters
evaluated using conventional and advanced
echocardiography.

METHODS

COPENHAGEN BABY HEART STUDY. The CBHS is a
prospective, population-based cohort study of cardiac
structure and function from birth onward in children
born at the 3 main maternity wards in the Copenha-
gen metropolitan area, Denmark, between April 2016
and October 2018. A description of the CBHS’ design
and a cohort profile have previously been pub-
lished.9,10 Data on the pregnancy, delivery, parental
health, family history of disease, and lifestyle factors
were collected from medical records. Clinical exami-
nation of each infant included transthoracic echo-
cardiography performed according to a standardized
protocol.9 Of the 27,595 infants in the CBHS, 25,590
(92.7%) had usable transthoracic echocardiography
data from an examination performed within 60 days
of delivery.
STUDY COHORTS. For analyses of parameters ob-
tained using conventional echocardiography, the
study cohort included all CBHS participants with an
echocardiographic scan acquired within 60 days of
delivery and available maternal obstetric informa-
tion. For analyses of parameters obtained via
advanced echocardiography, the study cohort
included 545 infants who were born at term (gesta-
tional age $37 weeks) after pregnancies complicated
by preeclampsia and whose echocardiograms
permitted tissue Doppler imaging (TDI), speckle-
tracking echocardiography (STE) analyses, or both
(89.6% of 608 term infants exposed to maternal
preeclampsia). These 545 infants were then matched
1:1 with infants born at term after pregnancies
without preeclampsia or GH. Infants were matched on
sex, singleton/twin pregnancy, gestational age at
birth (�maximum 5 days), age at echocardiography
(�maximum 3 days), and weight (�maximum 200 g).

MATERNAL HDP (EXPOSURE). For infants born at 2
of the 3 participating hospitals (Rigshospitalet and
Hvidovre Hospital), information on maternal HDP
was obtained from an obstetric database maintained
by the obstetrics departments. This database includes
data registered by midwives during and after labor
and delivery and discharge diagnoses provided by
obstetricians and senior midwives. Database infor-
mation shows excellent agreement with medical chart
information (kappa coefficients 0.7-1.0).11 For infants
born at the third hospital (Herlev Hospital), the ob-
stetric database was incomplete. As a result, obstetric
information was only available for 1,752 (19.4%) of
9,011 CBHS participants enrolled at this hospital.
We defined maternal preeclampsia and GH as
registration with one of the following International
Classification of Diseases, 10th revision, codes:
preeclampsia, O14.0-O14.2 or O15.0-O15.9; GH, O13.9.

INFANT LEFT VENTRICULAR CARDIAC PARAMETERS

(OUTCOME). The protocol used on all children
included subxiphoid, apical, left parasternal, and
suprasternal views acquired with cardiac sector
transducers 12S-D and 6S-D using Vivid E9 ultrasound
equipment (General Electric, Horten, Norway).9 Con-
ventional echocardiographic measurements were ob-
tained in accordance with the American Society of
Echocardiography’s guidelines for pediatric echocar-
diography12 and validated by a separate team of an-
alysts (see Supplemental Material 1 for details). The
following left ventricular parameters were ascer-
tained from 2-dimensional (2D) echocardiography in
the parasternal long-axis view: interventricular septal
end-diastolic thickness (IVSd), left ventricular poste-
rior wall end-diastolic thickness, left ventricular
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TABLE 1 Maternal Delivery and Offspring Characteristics for Infants Born to Mothers

With Preeclampsia (N ¼ 754), Gestational Hypertension (N ¼ 469), and No Hypertensive

Disorder of Pregnancy (N ¼ 17,384) in the Copenhagen Baby Heart Study, Denmark, 2016

to 2018

Maternal Hypertensive Disorder of Pregnancy

Preeclampsia
Gestational
Hypertension

No Hypertensive
Disorder of
Pregnancy

Maternal characteristics

Maternal age at delivery (y)

<25 36 (4.8) 16 (3.4) 717 (4.1)

25-29 230 (30.5) 122 (26.0) 4,845 (27.9)

30-34 292 (38.7) 201 (42.9) 7,099 (40.8)

35-39 145 (19.2) 97 (20.7) 3,757 (21.6)

$40 51 (6.8) 33 (7.0) 966 (5.6)

Maternal prepregnancy BMIa

Underweight (<18.5) 17 (2.3) 11 (2.3) 692 (4.0)

Normal weight (18.5-24.9) 421 (55.8) 225 (48.0) 12,350 (71.0)

Preobese (25.0-29.9) 163 (21.6) 124 (26.4) 3,032 (17.4)

Obese I (30.0-34.9) 87 (11.5) 66 (14.1) 859 (4.9)

Obese II/III ($35.0) 61 (8.1) 40 (8.5) 351 (2.0)

Missing 5 (0.7) <5 100 (0.6)

Maternal race

White 624 (82.8) 376 (80.2) 14,411 (82.9)

Black 6 (0.8) <5 174 (1.0)

Asian 34 (4.5) 16 (3.4) 720 (4.1)

Otherb 10 (1.3) 5 (1.1) 252 (1.5)

Missing 80 (10.6) 69 (14.7) 1,827 (10.5)

Smoking during pregnancyc

Nonsmoker 254 (33.7) 181 (38.6) 6,431 (37.0)

Current smoker 5 (0.7) 5 (1.1) 279 (1.6)

Former smoker 78 (10.3) 51 (10.9) 1,620 (9.3)

Missing 417 (55.3) 232 (49.5) 9,054 (52.1)

Parity (live birth or stillbirth >20 wk)

0 573 (76.0) 336 (71.6) 10,160 (58.4)

1 147 (19.5) 104 (22.2) 5,481 (31.5)

2 28 (3.7) 22 (4.7) 1,455 (8.4)

$3 5 (0.7) 7 (1.5) 288 (1.7)

Missing <5 <5 <5

Mode of delivery

Vaginal delivery 320 (42.4) 258 (55.0) 10,130 (58.3)

Cesarean section 220 (29.2) 82 (17.5) 2,727 (15.7)

Missing 214 (28.4) 129 (27.5) 4,527 (26.0)

Newborn characteristics

Child sex

Male 388 (51.5) 243 (51.8) 8,933 (51.4)

Female 366 (48.5) 226 (48.2) 8,451 (48.6)

Gestational age at birth (wk)

<34 27 (3.6) <5 134 (0.8)

34-36 119 (15.8) 19 (4.1) 654 (3.8)

37 146 (19.4) 52 (11.1) 953 (5.5)

38 150 (19.9) 104 (22.2) 2,279 (13.1)

39 126 (16.7) 102 (21.7) 3,573 (20.6)

40 113 (15.0) 107 (22.8) 5,043 (29.0)

41 69 (9.2) 80 (17.1) 4,251 (24.5)

$42 <5 <5 497 (2.9)

Continued on the next page
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internal diameter in end-diastole (LVIDd), left ven-
tricular internal diameter in end-systole (LVIDs).
End-diastolic and end-systolic volume, fractional
shortening, and stroke volume were calculated by the
GE Vivid 9 system using Teichholz’s formulas.
Transmitral flow velocities were measured using
pulsed-wave Doppler in the apical 4-chamber view.
Peak flow velocities during early diastole (peak E
wave) and atrial contraction (peak A wave), as well as
the mitral valve E wave deceleration time, were
measured according to guidelines.12

Advanced analyses were performed off-line by a
single physician (R.O.B.V.) using EchoPAC software,
version 113 (GE Healthcare Danmark A/S). Parameters
derived from off-line color TDI included average peak
systolic (s’), early diastolic (e’), and late diastolic (a’)
myocardial velocities at both the lateral mitral
annulus and the basal interventricular septum,
whereas parameters derived from the STE analyses
included peak midline systolic strain (peak S) and
peak midline global strain (peak G). Supplemental
Material 2 and Supplemental Table 1 provide details
of the methods used to derive TDI and STE
parameters.

Unrealistic outliers in outcome parameter values
were removed in a 2-step procedure: 1) removing
measurements >10 SDs from the mean; and 2) sub-
sequently removing measurements >5 SDs from the
recalculated mean.

COVARIATES. We obtained information on maternal
height, weight, prepregnancy body mass index, par-
ity, smoking, and comorbidities and the child’s
gestational age at birth, birthweight and length,
Apgar score, and birth method (planned/acute cesar-
ean section, spontaneous/assisted vaginal delivery)
from the hospitals’ obstetric database. Maternal
comorbidities of interest included prepregnancy dia-
betes (International Classification of Diseases-10
codes E10.0-E11.9, O24.0, O24.1, O24.5), cardiomy-
opathy (I42.0-I42.9), Marfan syndrome (Q87.4), and
any CHD (Q20.0-Q26.9, Q89.3).

STATISTICAL ANALYSES. Parameters from conventional
(2D) echocardiography. In our main analyses, we used a
linear mixed model to compare left ventricular struc-
tural and functional parameters in infants born to
mothers with preeclampsia, mothers with GH but no
preeclampsia, and mothers with no HDPs. Analyses
were adjusted for child sex as a categorical variable
and for the linear effects of gestational age at
birth (days), birth length (centimeters), birthweight

https://doi.org/10.1016/j.jacadv.2022.100059
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TABLE 1 Continued

Maternal Hypertensive Disorder of Pregnancy

Preeclampsia
Gestational
Hypertension

No Hypertensive
Disorder of
Pregnancy

Birthweight (g)

<2,000 43 (5.7) <5 130 (0.7)

2,000-2,499 98 (13.0) 25 (5.3) 470 (2.7)

2,500-2,999 172 (22.8) 75 (16.0) 2,096 (12.1)

3,000-3,499 231 (30.6) 180 (38.4) 5,797 (33.3)

3,500-3,999 144 (19.1) 133 (28.4) 6,164 (35.5)

$4,000 65 (8.6) 54 (11.5) 2,726 (15.7)

Missing <5 <5 <5

Weight for gestational age and sexd

<3rd percentile 89 (11.8) 25 (5.3) 554 (3.2)

3rd-9th percentile 87 (11.5) 46 (9.8) 1,399 (8.0)

10th-90th percentile 521 (69.1) 362 (77.2) 13,995 (80.5)

>90th percentile 56 (7.4) 36 (7.7) 1,434 (8.2)

Missing <5 <5 <5

Birth length (cm)

<45.0 47 (6.2) <5 152 (0.9)

45-49.9 231 (30.6) 103 (22.0) 2,465 (14.2)

50-54.9 418 (55.4) 331 (70.6) 13,061 (75.1)

$55 49 (6.5) 33 (7.0) 1,646 (9.5)

Missing 9 (1.2) <5 60 (0.3)

Body surface area at birthe

<0.1 <5 0 (0) 9 (0.1)

0.1-0.19 234 (31.0) 69 (14.7) 1,737 (10.0)

0.2-0.29 509 (67.5) 400 (85.3) 15,576 (89.6)

$0.3 <5 <5 <5

Missing 9 (1.2) <5 60 (0.3)

5-min Apgar score #7

Yes 13 (1.7) 5 (0.9) 133 (0.8)

No 740 (98.1) 463 (98.7) 17,236 (99.1)

Missing <5 <5 15 (0.1)

Need for resuscitation at birth

Yes 0 (0) 0 (0) 11 (0.1)

No 752 (99.7) 469 (100) 17,364 (99.9)

Missing <5 0 (0) 9 (0.1)

Congenital heart defectsf

Yes 48 (6.4) 28 (6.0) 1,222 (7.0)

No 706 (93.6) 411 (94.0) 16,162 (93.0)

Missing - - -

Values are n (%). aDefined according to World Health Organization’s obesity criteria.13 bOther race is defined as
mixed origin and races not included in the categories mentioned earlier. cFirst-trimester smoking, as reported to
the midwife. dMarsal formula.14 eHaycock formula.15 fCongenital heart defects: atrial septal defects, ventricular
septal defects, bicuspid aortic valve, aortic stenosis, pulmonary stenosis, quadricuspid aortic valve, quadricuspid
pulmonary valve, coarctation of the aorta, tetralogy of Fallot, transposition of the great arteries, atrioventricular
septal defect, congenitally corrected transposition of the great arteries, situs inversus, Epstein’s anomaly, cardiac
tumors, supradiaphragmatic total anomalous pulmonary venous return.

Apgar ¼ appearance, pulse, grimace, activity, and respiration; BMI ¼ body mass index.
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(grams), and age at transthoracic echocardiography
(days) as continuous variables. To account for
correlation among observations made by each
individual echocardiograph analyst (see
Supplemental Material 1 for details), random effects
of analyst and month of examination within analyst
were also included in the model.
We also evaluated the association between
maternal HDPs and extreme left ventricular param-
eter values using binomial models. If the effect es-
timate from the linear mixed model (described
previously) was negative, we evaluated the associa-
tion between maternal preeclampsia or GH and left
ventricular parameter values #5th percentile. If the
main effect estimate was positive, we evaluated
the association with left ventricular parameter
values $95th percentile. The dichotomous outcomes
were analyzed using generalized estimating equa-
tion models with a logit link function and a com-
pound symmetry covariance matrix allowing
measurements to be correlated within analyst and
within month of examination for each analyst. The
analyses were adjusted for the same covariates as
the main analyses.
Parameters from advanced echocardiography. We used
multiple linear regression to compare TDI- and STE-
derived measurements from infants born at term af-
ter pregnancies complicated with preeclampsia with
measurements from the matched group of infants
born at term after pregnancies not complicated by
maternal HDPs. We also evaluated the association
between maternal preeclampsia and extreme values
of the advanced echocardiographic parameters,
dichotomized as described for the conventional pa-
rameters, using logistic regression. Both linear and
logistic regression models were adjusted for the
matching variables: child sex, singleton/twin, gesta-
tional age at birth (days), birthweight (grams), and
age in days at echocardiography.

SENSITIVITY ANALYSES. To test the robustness of
the associations observed in the main analyses be-
tween maternal preeclampsia or GH and conventional
echocardiography parameters, we conducted a num-
ber of sensitivity analyses. To test whether the
observed associations might be explained by
maternal or offspring CHDs, we repeated the analyses
excluding infants with CHDs diagnosed by CBHS
echocardiography (see footnote to Table 1 for a list of
defects) and mothers with CHDs. Pregestational dia-
betes is a risk factor for HDPs, especially preeclamp-
sia,16 and maternal prepregnancy diabetes has been
associated with increased risks of offspring CHDs.17

To ensure that our results reflected only the associa-
tion of maternal HDPs with infant cardiac parameters,
we repeated our analyses after further excluding in-
fants born to women with pregestational diabetes.
Finally, to assess how much the observed estimates
were affected by adjustment variables measured at or
after birth, we assessed the associations adjusting
only for child sex.

https://doi.org/10.1016/j.jacadv.2022.100059


FIGURE 1 Study Cohorts

Flow chart illustrating the generation of the study cohort from the Copenhagen Baby Heart Study, Copenhagen, Denmark, 2016 to 2018.
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Statistical analyses were conducted using SAS,
version 9.4 (SAS Institute, Inc, Cary, NC).

Written consent was obtained from the parents
of all participants included in the CBHS. The
CBHS (NCT02753348) complies with the Declaration of
Helsinki and was approved by the Regional
Ethics Committee of the Capital City Region of
Denmark (H-16001518) and the Danish Data Protection
Agency (I-Suite No. 04546, ID-No. HGH-2016-53).

RESULTS

ASSOCIATIONS FOR INFANT LEFT VENTRICULAR

CARDIAC PARAMETERS ASSESSED USING CONVENTIONAL

ECHOCARDIOGRAPHY. In the analyses of conventional
echocardiographic parameters, our cohort included
754 infants born to mothers with preeclampsia, 469
infants born to mothers with GH, and 17,384 infants
born to mothers with neither preeclampsia nor GH
(Figure 1). Table 1 shows maternal, pregnancy, de-
livery, and newborn characteristics of the cohort by
maternal disease status. Compared with infants
whose mothers did not have HDPs, there was a
greater prevalence of maternal nulliparity and
maternal preobesity or obesity among infants born to
mothers with preeclampsia or GH. Infants exposed to
maternal preeclampsia were more likely to have been
delivered by cesarean section and to have been born
preterm (<37 weeks’ gestation); consequently, there
were also proportionally more infants with lower
birthweights (<3,000 g), shorter birth lengths
(<50 cm), and smaller body surface areas (<0.2)
among infants born to mothers with preeclampsia.

The details of infant left ventricular parameters
measured using conventional echocardiography are
summarized in Supplemental Table 2. Associations

https://clinicaltrials.gov/ct2/show/NCT02753348
https://doi.org/10.1016/j.jacadv.2022.100059


CENTRAL ILLUSTRATION Comparison of Left Ventricular Echocardiographic Measures

Vøgg ROB, et al. JACC Adv. 2022;1(3):100059.

Mean adjusted differences comparing left ventricular measures in newborns exposed to maternal preeclampsia (n ¼ 754) or gestational hypertension (n ¼ 469) with

those in newborns not exposed to hypertensive disorders of pregnancy (n ¼ 17,384) in a cohort of 18,607 infants from the Copenhagen Baby Heart Study, Denmark,

2016 to 2018. EDV ¼ end-diastolic volume; ESV ¼ end-systolic volume; FS ¼ fractional shortening; HR ¼ heart rate; IVSd ¼ interventricular septal thickness at end-

diastole; LVIDd ¼ left ventricular internal diameter at end-diastole; LVIDs ¼ left ventricular diameter at end-diastole; LVPWd ¼ left ventricular posterior wall

thickness at end-diastole; MvA ¼ transmitral atrial peak inflow velocity; MvDect ¼ mitral valve deceleration time; MvE ¼ transmitral peak inflow velocity;

SV ¼ stroke volume.
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between maternal disease status and these parame-
ters are presented in the Central Illustration and
Table 2. Compared with infants born to mothers
without HDPs, infants exposed to maternal
preeclampsia had significantly thicker left ventricular
walls with thicker IVSd and thicker left ventricular
posterior wall end-diastolic thickness. LVIDd was
significantly larger in the children of mothers with



TABLE 2 Comparison of Left Ventricular Measures in Newborns Exposed to Maternal Preeclampsia (N ¼ 754) or Gestational Hypertension

(N ¼ 469) With Those in Newborns Not Exposed to Hypertensive Disorders of Pregnancy (N ¼ 17,384) in a Cohort of 18,607 Infants From the

Copenhagen Baby Heart Study, Denmark, 2016 to 2018

Infants Born to Mothers With
Preeclampsia

Infants Born to Mothers With
Gestational Hypertension

Mean Adjusted
Difference [�SE] P Value

Mean Adjusted
Difference [�SE] P Value

Left ventricular structure

Interventricular septal thickness at end-diastole (mm) 0.05 [�0.02] 0.004 0.03 [�0.02] 0.17

Left ventricular posterior wall thickness at end-diastole (mm) 0.04 [�0.02] 0.01 0.04 [�0.02] 0.05

Left ventricular internal diameter at end-diastole (mm) 0.12 [�0.06] 0.04 0.02 [�0.07] 0.77

Left ventricular internal diameter at end-diastole (mm) 0.00 [�0.05] 0.99 0.01 [�0.06] 0.92

Systolic function

End-diastolic volume (mL)a 0.21 [�0.10] 0.03 0.00 [�0.11] 1.00

End-systolic volume (mL)a 0.00 [�0.04] 0.97 0.00 [�0.05] 0.95

Fractional shortening (%)a 0.36 [�0.14] 0.01 0.01 [�0.16] 0.95

Stroke volume (mL)a 0.18 [�0.07] 0.01 �0.01 [�0.08] 0.85

Heart rate (beats per min) �0.14 [�0.80] 0.86 �0.02 [�0.94] 0.98

Diastolic function

Transmitral early peak inflow velocity (cm/s) �1.76 [�0.49] 0.0003 0.38 [�0.61] 0.53

Transmitral atrial peak inflow velocity (cm/s) �0.90 [�0.50] 0.07 �0.11 [�0.62] 0.86

Peak E/A ratio �0.01 [�0.01] 0.51 0.02 [�0.01] 0.18

Mitral valve deceleration time (ms) 1.12 [�1.09] 0.31 �1.69 [�1.38] 0.22

Reference group: infants born to mothers without hypertensive disorder of pregnancy. All estimates adjusted for child sex, gestational age at birth, age in days at time of
examination, birth weight and length, and random effects of echocardiographic analyst and month of examination. aCalculated using Teichholz formula.
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preeclampsia, as was end-diastolic volume. LVIDs
and end-systolic volume measures showed little evi-
dence of an association with maternal preeclampsia.
Infants exposed to preeclampsia also had signifi-
cantly larger measures of systolic function (fractional
shortening and stroke volume), although heart rate
did not differ for exposed infants. In terms of dia-
stolic function, maternal preeclampsia was associated
with reduced transmitral early peak inflow velocity,
and transmitral atrial peak inflow velocity tended to
be reduced. Mitral valve E wave deceleration time
was not affected by maternal preeclampsia. There
was little evidence of an association between
maternal GH and any of the left ventricular structural
or functional parameters measured using conven-
tional echocardiography (Central Illustration, Table 2).

Infants exposed to maternal preeclampsia were
more likely than infants born to mothers without
HDPs to have extremely large ($95th percentile)
values of LVIDd (odds ratio: 1.23; 95% CI: 1.00-1.50)
(Figure 2) and, consequently, end-diastolic volume, as
this parameter is calculated based on LVIDd. There
was also the suggestion of associations between
maternal preeclampsia and extremely large IVSd
values (odds ratio: 1.14; 95% CI: 0.92-1.41) and
extremely small transmitral early peak inflow velocity
values (odds ratio: 1.38; 95% CI: 0.95-1.98). Other-
wise, there was little evidence of an association be-
tween maternal preeclampsia and extreme values of
the other left ventricular measurements (Figure 2).
Maternal GH was also associated with extremely large
values of LVIDd (odds ratio: 1.36; 95% CI: 1.09-1.69)
and end-diastolic volume and with extremely small
values of transmitral early peak inflow velocity (odds
ratio: 0.57; 95% CI: 0.33-0.99; Figure 3). Infants
exposed to maternal GH also tended to have
extremely large values of LVIDs (odds ratio: 1.29;
95% CI: 0.94-1.76) and therefore also end-systolic
volume. There was little evidence of an association
between maternal GH and extreme values of other
left ventricular measurements (Figure 3).
ASSOCIATIONS WITH INFANT LEFT VENTRICULAR

CARDIAC PARAMETERS ASSESSED USING ADVANCED

ECHOCARDIOGRAPHY. The details of infant left ven-
tricular strain parameters measured using advanced
echocardiography are summarized in Supplemental
Table 3. Table 3 shows associations between
maternal preeclampsia and these parameters. There
was little evidence of an association between
maternal preeclampsia and either systolic or global
midline longitudinal strain in the infant heart. In
contrast, compared with children born to mothers
without HDPs, infants exposed to preeclampsia had
significantly lower velocities of the mitral annulus
lateral wall a’ and smaller lateral and septal E/e’ ra-
tios. However, none of the other measures of left
ventricular tissue velocity was associated with expo-
sure to maternal preeclampsia.

https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059


FIGURE 2 Associations Between Maternal Preeclampsia and Extreme Offspring Values of Conventional Echocardiographic Parameters

Odds ratios for extreme values of conventional echocardiographic parameters (values #5th or $95th percentile) comparing infants born to mothers with preeclampsia

and infants born to mothers without hypertensive disorders of pregnancy. The direction of the effect estimate from the main analyses (linear mixed models)

determined whether the #5th or $95th percentile was evaluated.
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When looking at extreme values of parameters
derived from TDI and STE analyses, infants exposed
to preeclampsia were almost twice as likely to have an
extremely low mitral annulus lateral wall a’ velocity
(#5th percentile), compared with infants born to
mothers without HDPs (odds ratio: 1.95; 95% CI: 1.11-
3.42) (Figure 4). There was little evidence of an as-
sociation between maternal preeclampsia and
extreme values of other left ventricular strain
measurements.

SENSITIVITY ANALYSES. Adjusting only for child sex
changedmost of our findings dramatically, illustrating
the importance of adjusting for variables related to the
child’s age and size (Supplemental Table 4,
Supplemental Figures 1 and 2). Restricting the cohort
to infants born to mothers without diabetes did not
materially change our results for conventional echo-
cardiographic parameters (Supplemental Table 5).
Similarly, excluding infants born to mothers with
CHDs affected our results very little (Supplemental
Table 6). Restricting to newborns without CHDs
attenuated the estimates for children exposed to
preeclampsia but had nomaterial influence in children
exposed to GH (Supplemental Table 7). Excluding
infants exposed to maternal diabetes or maternal
CHDs and infants who themselves had CHDs had little
effect on the results for advanced echocardiographic
parameters (Supplemental Table 8).

DISCUSSION

In this large population-based cohort study, infants
exposed to maternal preeclampsia were more likely
than infants born to mothers without HDPs to exhibit
signs of myocardial remodeling, particularly thick-
ening of the left ventricular walls. Infants born to
mothers with preeclampsia also had increased left
ventricular diastolic volumes but similar systolic
volumes and, consequently, increased systolic func-
tion. They also had decreased peak inflow velocities,
suggesting compromised ventricular relaxation with
diastolic impairment. In contrast, there was little
evidence of an association between maternal GH
and changes to infant cardiac morphology and
function.

Increases in left ventricular myocardial thickness,
fractional shortening, and stroke volume observed in
infants exposed to preeclampsia might reflect an
adaptation of the fetal heart to the increased

https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059
https://doi.org/10.1016/j.jacadv.2022.100059


TABLE 3 Comparison of Advanced Left Ventricular Measures in 545 Term

Infants Exposed to Maternal Preeclampsia and 545 Matched Term Infants

Whose Mothers Did Not Have Hypertensive Disorders of Pregnancy From the

Copenhagen Baby Heart Study, Denmark, 2016 to 2018

Mean Adjusted
Difference [�SE] P Value

Speckle-tracking echocardiography

Systolic midline longitudinal strain (%) �0.12 [�0.16] 0.45

Global midline longitudinal strain (%) �0.06 [�0.16] 0.69

Tissue Doppler imaging

Mitral annulus septal wall s’ (cm/s) 0.004 [�0.04] 0.92

Mitral annulus septal wall e’ (cm/s) �0.02 [�0.06] 0.79

Mitral annulus septal wall a’ (cm/s) �0.13 [�0.07] 0.07

Septal E/e’ ratio �0.55 [�0.28] 0.05

Mitral annulus lateral wall s’ (cm/s) �0.08 [�0.04] 0.07

Mitral annulus lateral wall e’ (cm/s) 0.04 [�0.08] 0.63

Mitral annulus lateral wall a’ (cm/s) �0.21 [�0.09] 0.02

Lateral E/e’ ratio �1.06 [�0.38] 0.01

Infants born at term ($37 weeks’ gestation) to mothers with preeclampsia were matched 1:1 with
infants born at term to mothers with no hypertensive disorder of pregnancy on the following: sex,
singleton/twin pregnancy, gestational age at birth (#�5 days), age at echocardiography
(#�3 days), and weight (#�200 g). If weight at birth for newborns of mothers with preeclampsia
was not available, weight at examination was used for both the exposed and unexposed infant in
the matched pair.

FIGURE 3 Associations Between Maternal Gestational Hypertension and Extreme Offspring Values of Conventional Echocardiographic Parameters

Odds ratios for extreme values of conventional echocardiographic parameters (values #5th or $95th percentile) comparing infants born to mothers with gestational

hypertension and infants born to mothers without hypertensive disorders of pregnancy. The direction of the effect estimate from the main analyses (linear mixed

models) determined whether the #5th or $95th percentile was evaluated.
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resistance in the placental arteries described in pre-
eclampsia.18 Increased placental vascular resistance
affects fetal cardiac loading conditions, leading to
increased fetal cardiac afterload, which has ulti-
mately been suggested to influence fetal cardiac
function and cause mild myocardial dysfunction
already in fetal life.19

Studies of the association between maternal
preeclampsia or GH and newborn cardiac structure
and systolic function assessed by conventional
echocardiography are limited and have had small
sample sizes (maximum 80 preeclampsia-exposed
children).20,21 Breatnach et al21 found left ventricular
systolic dysfunction with significantly lower ejection
fraction within 48 hours of birth in infants born at
term to mothers with GH, compared with infants born
to healthy mothers, which contrasts with our findings
of larger fractional shortening in infants exposed to
preeclampsia but not in infants exposed to GH. Aye
et al20 found that although left and right ventricular
masses were similar at birth in infants born at term
after pregnancies with preeclampsia, GH, and no
HDP, respectively, right ventricular end-diastolic



FIGURE 4 Associations Between Maternal Preeclampsia and Extreme Offspring Values of Advanced Echocardiographic Parameters

Odds ratios for extreme values of advanced echocardiographic parameters (values #5th or $95th percentile) comparing infants born at term

to mothers with preeclampsia and matched infants born at term to mothers without hypertensive disorders of pregnancy. The direction of the

effect estimate from the main analyses (linear regression models) determined whether the #5th or $95th percentile was evaluated.
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volume was smaller in infants exposed to HDPs,
preeclampsia in particular.

Associations between maternal HDP and diastolic
function in infants have also only been studied in
small numbers of children (maximum 53 HDP-
exposed children).8,22 Narin et al8 found lower peak
A-wave and peak E/A ratio among infants exposed to
preeclampsia when they examined neonates within
24 hours of birth. Cetinkaya et al22 observed reduced
left ventricular end-diastolic dimensions and signs of
diastolic dysfunction (smaller peak E-wave, peak
A-wave, and peak E/A ratio) 1 to 3 days after delivery
in infants exposed to preeclampsia and born prema-
turely, compared with infants born to normotensive
mothers. We also observed a smaller pressure
gradient between the left atrium and left ventricle
(smaller peak E-wave) in infants exposed to
preeclampsia. Pulsed-wave Doppler analyses of
mitral valve inflow velocities are sensitive to ven-
tricular relaxation and compliance as well as atrial
pressure. In the adult heart, a stiff ventricle (due to,
eg, left ventricular hypertrophy, fibrosis, or in-
filtrations) impairs early left ventricular filling, lead-
ing to decreased E wave magnitudes. Similarly, the
decrease in peak E wave we observed in newborns
exposed to preeclampsia may reflect increased
thickness (and correspondingly increased stiffness) of
the left ventricular myocardium in these infants.

Strain reflects myocardial systolic function more
directly than conventional cavity-based echocardio-
graphic parameters, which are also insensitive to
early changes in myocardial function, making STE
useful for assessing potential subclinical differences
in infant cardiac structure.23,24 Breatnach et al21

demonstrated that infants born to mothers with GH
exhibited diminished left ventricular function as re-
flected by decreased deformation and left ventricular
global longitudinal strain and twist values. In
contrast, we found no differences in systolic or global
midline longitudinal strain for children born at term
to mothers with and without preeclampsia.

The average differences in cardiac parameters be-
tween exposed and unexposed infants in our study
were modest in absolute terms but should be
considered relative to the size of infant cardiac
structures. For instance, a 0.1 mm increase in IVSd
translates to a relative increase of 5%. Whether these
subtle structural and functional cardiac differences,
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observed in a cohort of asymptomatic infants, have
any clinical impact or prognostic importance later in
life, is currently unknown. Children exposed to
maternal HDPs are at increased risk of hypertension
and cardiovascular events,25,26 and previous studies
reported associations between maternal HDPs and
offspring cardiac morphology and function in older
children,27,28 suggesting that the cardiac changes we
observed shortly after birth in infants exposed to
maternal preeclampsia may persist and even worsen
later in childhood. One study found signs of concen-
tric hypertrophy with increased left ventricular wall
thickness and reduced left ventricular end-diastolic
volume in adolescents exposed to maternal pre-
eclampsia,27 in agreement with our finding of larger
left ventricular walls in exposed infants but con-
trasting with the small increase in end-diastolic vol-
ume we observed. In contrast, Fugelseth et al28 found
that at 5 to 8 years of age, children exposed to
preeclampsia had significantly smaller hearts, with
smaller end-diastolic left ventricular lengths
measured from apex to mitral valve, and increased
heart rates. However, in line with our findings, they
also observed increased late diastolic velocity (a’
wave) at mitral attachments on TDI in the offspring of
mothers with preeclampsia. Conversely, a small study
of the association between maternal HDPs and left
ventricular mass in preadolescents and adolescents
found no difference between exposed and unexposed
children.29

Peak a’ velocity is a function of atrial contraction.
Contrary to e’ and E/e’, a’ is not regularly used as a
clinical marker of diastolic function, nor has it been
investigated as thoroughly. Our finding of a reduced
lateral wall a’ suggests that a’ may be valuable in the
assessment of diastolic function in children born to
mothers with preeclampsia.

Follow-up examinations are crucial to determine
whether the subtle structural and functional changes
observed at birth persist, resolve, or worsen as the
children age and to advance our understanding of the
long-term cardiovascular health of the offspring of
women with preeclampsia. The CBHS is currently
conducting follow-up examinations on the children
exposed to preeclampsia to investigate whether the
differences in cardiac structure and function
observed at birth persist through childhood.
STRENGTHS AND POTENTIAL LIMITATIONS. Our
cohort’s unprecedented size allowed us to detect
small between-group differences, which is crucial
when evaluating structures as small as the infant
heart. The study cohort was drawn from a large
population-based study that offered echocardiogra-
phy to all infants born in the Copenhagen
metropolitan area in a specified time period, reducing
the risk of selection bias. The echocardiography ana-
lysts had no knowledge of maternal preeclampsia or
GH status, minimizing the risk of ascertainment bias.

An evaluation of intra- and inter-observer vari-
ability in the CBHS’ echocardiographic data showed
good intra- and inter-observer agreement in image
acquisition for most 2D parameters and good mea-
surement reliability and agreement for most imaging
modalities.30 To minimize variability in left ventric-
ular measurements from the parasternal long-axis
view, a specially trained team validated all 2-
dimensional left ventricular measurements in the
25,590 echocardiographic examinations performed by
the CBHS. To further account for any variability
among analysts, we adjusted our analyses for the
random effects of echocardiography analyst and
month of examination. Any variability added by
either the sonographer or the validation team was
expected to be random because they were blinded to
maternal HDP status.

STE-derived measurements have high reproduc-
ibility and provide accurate and angle-independent
measurements of left ventricular dimensions and
strain.31 In this study, STE analyses were based only
on the apical 4-chamber view, as the CBHS’ standard
echocardiographic protocol did not include apical 2-
and 3-chamber views. In the adult myocardium,
localized areas of fibrosis or regional ischemia are the
most common reasons for regional variance in ven-
tricular performance. Because such regional
dysfunction is unlikely in newborns, the 4-chamber
view was considered sufficient to produce accurate
representations of strain.

Infants exposed to preeclampsia were well repre-
sented in the CBHS, but infants born preterm,
particularly very premature infants, were underrep-
resented.10 Consequently, infants born to women
with preterm (early onset) preeclampsia were un-
derrepresented in our study and therefore our results
may not be generalizable to such infants. Further-
more, because the vast majority of infants were born
to Caucasian women, our study was not powered to
examine whether race/ethnicity modified the
observed associations, and our results may not be
generalizable to populations of other ethnicity.

Sensitivity analyses adjusting only for child sex
yielded results that were markedly different from the
fully adjusted results. Children born to mothers with
HDPs were more often delivered preterm, had lower
birthweights, smaller birth lengths, and smaller body
surface areas. Estimates unadjusted for these factors
were heavily influenced by these differences between
exposed and unexposed infants, underlining the



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Not

only do offspring exposed to maternal preeclampsia

have increased risks of hypertension and cardiovas-

cular disease in adulthood, they are also more likely to

have subtle cardiac structural and functional abnor-

malities at birth than infants born to mothers without

HDPs.

TRANSLATIONAL OUTLOOK: Whether there is a

link between disease in adult life and the subclinical

alterations in cardiac structure and function already

present at birth in children exposed to preeclampsia

is unknown. Further research should explore the

impact of exposure to maternal preeclampsia on

cardiac health through childhood and young adult-

hood and determine whether these offspring would

benefit from increased clinical attention starting in

childhood.

Vøgg et al J A C C : A D V A N C E S , V O L . 1 , N O . 3 , 2 0 2 2

Maternal HTN Disorders of Pregnancy, Cardiac Function in the Newborn A U G U S T 2 0 2 2 : 1 0 0 0 5 9

12
importance of accounting for the normal physiolog-
ical effects of age and size on cardiac measurements,
particularly in rapidly growing infants.

The results from sensitivity analyses excluding
mothers with pregestational diabetes or CHDs sug-
gested that these maternal conditions could not
explain the observed associations. However,
excluding infants with CHDs attenuated the results
for some parameters assessed using conventional
echocardiography. Preeclampsia is associated with
offspring CHDs,2-4 and the decrease in effect magni-
tudes seen in the sensitivity analyses could reflect the
removal of the structural and functional conse-
quences such defects have for the infant heart.

CONCLUSIONS

In the largest population-based cohort of infants
examined to date, we showed that maternal
preeclampsia is associated with subtle cardiac
morphological and functional alterations in infants.
Our results suggest that exposure to preeclampsia
may be associated with signs of preclinical cardiac
dysfunction, including thickening of the left ventric-
ular myocardium, increased left ventricular end-
diastolic internal diameter and volume, and altered
systolic function, even in asymptomatic newborns.
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