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Abstract—Hypertensive pregnancy is associated with increased maternal cardiovascular risk in later life. A range of
cardiovascular adaptations after pregnancy have been reported to partly explain this risk. We used multimodality imaging
to identify whether, by midlife, any pregnancy-associated phenotypes were still identifiable and to what extent they
could be explained by blood pressure. Participants were identified by review of hospital maternity records 5 to 10 years
after pregnancy and invited to a single visit for detailed cardiovascular imaging phenotyping. One hundred seventy-three
women (age, 42+5 years, 70 after normotensive and 103 after hypertensive pregnancy) underwent magnetic resonance
imaging of the heart and aorta, echocardiography, and vascular assessment, including capillaroscopy. Women with a
history of hypertensive pregnancy had a distinct cardiac geometry with higher left ventricular mass index (49.9+7.1 versus
46.0+6.5 g/m?, P=0.001) and ejection fraction (65.6+5.4% versus 63.7+4.3%; P=0.03) but lower global longitudinal
strain (—18.31+4.46% versus —19.94+3.59%; P=0.02). Left atrial volume index was also increased (40.4+9.2 versus
37.3£7.3 mL/m? P=0.03) and E:A reduced (1.34+0.35 versus 1.52+0.45; P=0.003). Aortic compliance (0.240+0.053
versus 0.258+0.063; P=0.046) and functional capillary density (105.4+23.0 versus 115.2+20.9 capillaries/mm?; P=0.01)
were reduced. Only differences in functional capillary density, left ventricular mass, and atrial volume indices remained
after adjustment for blood pressure (P<0.01, P=0.01, and P=0.04, respectively). Differences in cardiac structure and
geometry, as well as microvascular rarefaction, are evident in midlife after a hypertensive pregnancy, independent of
blood pressure. To what extent these phenotypic patterns contribute to cardiovascular disease progression or provide
additional measures to improve risk stratification requires further study. (Hypertension. 2020;75:1542-1550. DOI:
10.1161/HYPERTENSIONAHA.119.14530.) ® Data Supplement
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Vascular disorders, including cardiovascular disease
and stroke, have become the largest cause of mortality
and morbidity in women' despite there being a unique sex-
specific opportunity to identify those at high risk based on
their pregnancy history. New onset hypertension during
pregnancy,” which occurs in up to 10% of women,? is asso-
ciated with a 4-fold increased risk of developing a range of
cardiovascular disorders by midlife.* However, identifying
those who may gain the most from prevention advice after
pregnancy is difficult as, for the majority, blood pressure

falls® and traditional risk assessment tools then underesti-
mate risk.%’

Hypertensive pregnancy is also associated with acute
cardiovascular changes including left ventricular (LV) hy-
pertrophy,®® LV systolic and diastolic impairment,'® arterial
stiffening,"" and capillary rarefaction.'? Differences in these
measures have been reported to still be identifiable for several
years after a hypertensive pregnancy.'*'* If present in midlife,
before the development of hypertension, these features could
be useful risk markers,'® as they are independently associated
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with morbidity and mortality.'** However, the described

phenotypes are also associated with changes in blood pres-
sure, and any differences may reflect underlying development
of hypertension rather than providing additional prognostic
information.

Therefore, we recruited women 5 to 10 years after ei-
ther a pregnancy complicated by hypertension or a normo-
tensive pregnancy to undergo a comprehensive assessment
of both cardiac and vascular structure, including personal-
ized computational modeling of cardiac geometry. We used
this multimodality data to identify whether, by midlife, any
pregnancy-associated phenotypes were still identifiable and to
what extent they could be explained by blood pressure.

Methods

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Study Population and Pregnancy Data Collection

We studied women who had delivered a baby within the Oxford
University Hospitals NHS Trust Maternity Unit between 5 and 10
years before the planned study visit (pregnancy between 1998 and
2010). Both women with a history of hypertensive pregnancy and
women of equivalent age who gave birth during the same period
after a normotensive pregnancy were recruited. Women with a his-
tory of hypertensive pregnancy included those with early onset pree-
clampsia (diagnosed before 34 weeks gestation), those with late onset
preeclampsia (diagnosed at or after 34 weeks gestation), and those
with gestational hypertension but not fulfilling the criteria for pree-
clampsia.! Women who had delivered preterm but without a history
of hypertension during pregnancy were identified and recruited to en-
sure comparable offspring birth gestations between those with a his-
tory of hypertension during pregnancy and the control group.

Maternity records for all participants were reviewed for every
pregnancy registered at Oxford University Hospitals NHS trust. To
ensure there were no additional pregnancies, which were registered
and delivered at other hospitals, all participants completed a compre-
hensive questionnaire including details of all their pregnancies and
whether they were complicated by hypertension or preterm delivery,
data were also collected on current medications and smoking history.
The study was approved by a local independent ethics committee
(Oxfordshire Research Ethics Committee, reference 08/H0604/127),
and participants provided signed informed consent.

Potential study recruits were identified after review of maternity
medical records and study invitation letters sent. Those who respond-
ed were invited for a single study visit at the Cardiovascular Clinical
Research Facility, University of Oxford, John Radcliffe Hospital,
Oxford, United Kingdom.

Cardiovascular Risk Assessment

Women attended a research clinic in the morning after a 12-hour fast
and fasting blood samples were drawn. Blood pressure was recorded
supine after a 10 minute rest. Central aortic blood pressure was esti-
mated by applanation tonometry (SphygmoCor, AtCor Medical,
West Ryde, Australia). At the end of the study, the participant was
fitted with an ambulatory blood pressure device for 24 hours. Further
details are available in the Data Supplement.

Cardiac and Vascular Imaging and Analysis

Cardiovascular Magnetic Resonance

Cardiac structure and function were assessed using cardiovascular
magnetic resonance (CMR; 1.5-T scanner and 12 channel body and
spine array, Siemens, Munich, Germany) using previously described
techniques.” In brief, retrospectively ECG-gated steady state free
precession images during breath hold were acquired of short-axis
images of the left and right ventricles acquired at 1 cm intervals.
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Image analysis was performed using CVI42 version 5.1.1 (Circle
Cardiovascular Imaging, Inc, Calgary, AB, Canada). Biventricular
endocardial and epicardial borders were manually contoured at end-
diastole and endocardial borders only in end-systole to measure ven-
tricular volumes, ejection fraction, and myocardial mass.

Aortic Distensibility

Aortic structure and function were assessed at multiple levels using
CMR (1.5-T scanner, Siemens, Munich, Germany) using previously
described techniques.® In brief, a retrospective ECG gated steady-
state free precession sequence at end breath hold was acquired of the
thoracic aorta at the level of the pulmonary artery bifurcation, both
in the ascending and proximal descending aorta (AA and PDA, re-
spectively); additional images were captured of the distal descending
aorta 12 cm distal to the proximal descending aorta perpendicular to
the lumen and the abdominal aorta at the level of the second lumbar
vertebra (AbA). The maximal and minimum aortic area was measured
using semiautomated edge detection algorithms (Matlab, Mathworks,
Inc, MA). Compliance was calculated by dividing the change in aortic
area by minimum aortic area. Distensibility was calculated by dividing
compliance by central pulse pressure measured during the CMR
scan using a brachial blood pressure cuff connected to an automated
oscillometry device (Vicorder, Skidmore Medical, Taunton, United
Kingdom). Global compliance and distensibility was calculated from
the mean value of local measurements throughout the aorta.**

Pulse Wave Velocity

Pulse wave velocity was measured between carotid and femoral
arteries.” The distance was measured from sternal notch to left ca-
rotid pulse and sternal notch to left femoral pulse. Then, applanation
tonometry (SphygmoCor; AtCor Medical, West Ryde, Australia) was
used to obtain pressure waveforms of the carotid and femoral pulse, by
holding the tonometer gently to partially compress the corresponding
artery and record 10 consecutive pressure waveforms. A mean pres-
sure waveform was calculated and the time difference from the R wave
on the ECG recording to the pulse arrival time at each arterial meas-
urement site used to derive the pulse wave velocity between the 2 sites.

Microvascular Assessment

Microvascular structure was assessed using intravital video capilla-
roscopy using methods previously described.? In brief, a microscope
and light emitting diode were used to image the dorsum of the middle
phalanx of left hand and allow clear discrimination of capillaries
filled with blood. Six distinct image fields were recorded for 1 mi-
nute each; then a small cuff was inflated at the base of the phalanx, to
ensure capillary engorgement with blood and the same image fields
recorded again. Image analysis was performed offline using Image
ProPlus (MediaCybernetics, Rockville, MD). The average capillary
density of each set of 6 fields was used to calculate functional and
anatomic capillary density respectively.

Carotid Intima Media Measurement

Carotid intima media thickness was measured using previously
described techniques.?” In brief, an ultrasound was performed of both
left and right carotid arteries using a CX-50 ultrasound machine and
L12-3 linear probe (Philips, Amsterdam, Netherlands). ECG gated
cine loops were acquired of the common carotid artery 1 cm proximal
to the bifurcation while the patient lay supine. Image analysis was
performed offline using Brachial analyser version 5.6.15 (Medical
Imaging Applications LLC, Coralville, IA) to measure the intima
media thickness at end diastole.

Cardiac Computational Models

A subgroup of 153 subjects were available for a detailed 3-dimen-
sional computational analysis. The LV end diastolic anatomy was
reconstructed from the contours using high order interpolation
meshes as described in our previous work.”>?® The 153 meshes were
then spatially aligned by their centre of mass, and by an orientation
defined by their basal plane and the left to right direction set by the
centre of mass of the LV and right ventricle. A statistical shape model
was then built with a principal component analysis, finding the modes
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of anatomic variation of this cohort. The left ventricular meshes for
the population have been made available to the scientific community
(https://doi.org/10.6084/m9.figshare.11303306).

Statistical Analysis

Statistical analysis was undertaken using Statistical Product and
Service Solutions (SPSS) Version 20 (Armonk, NY). Normality was
assessed using visual assessment of histograms and Shapiro-Wilk test.
Comparison between 2 groups for continuous variables was performed
using a 2-sided, independent-samples Student 7-test (parametric data)
and Mann-Whitney test (nonparametric data). Comparison between
2 groups for categorical variables was performed using a x> test.
Multivariate linear regression models were performed using a forced
entry method and unstandardized regression coefficients () reported.
Multivariable models were also undertaken to compare if differences
found between cohorts persisted after adjusting for other cardiovas-
cular risk factors in addition to systolic blood pressure including age,
body mass index, and total cholesterol:HDL. P values <0.05 were
considered statistically significant. Modes of variation identified using
principal component analysis for the 3-dimensional LV shape anal-
ysis were compared between groups using unpaired 7-test. Previously
reported differences in systolic blood pressure between women with
a history of hypertensive compared with normotensive pregnancies
were 10 mmHg at a similar time after affected pregnancy [unpub-
lished data]. The MESA (Multiethnic Study of Atherosclerosis),”
which reported associations between LV mass and blood pressure sug-
gested that differences in LV mass of 4.8 gram would be expected with
this difference in systolic blood pressure between groups. Seventy
individuals in each group provided 80% power at P=0.01 to identify
differences of this size between groups.

Results

Study Cohort Characteristics

One thousand five hundred seven women were identified who
fulfilled International Society for the Study of Hypertension in
Pregnancy criteria for preeclampsia or gestational hypertension
or could be demonstrated to have had normotensive pregnancy,

Table 1. Characteristics of Cardiovascular and Pregnancy Factors in the Study Group

without preexisting cardiovascular or renal disease. Of these,
268 agreed to attend a study visit, of which 95 participated in
a vascular-only imaging substudy, and 173 (73 with a history
of normotensive pregnancy and 100 with a history of hyperten-
sive pregnancy) underwent the full protocol and are reported
in this paper. Table 1 describes the characteristics of women
who had a history of hypertensive or normotensive pregnancy.
Hypertensive pregnancy was associated with shorter gestation
and lower birthweight, while overall these women had fewer
but more complicated pregnancies. Smoking rates and body
mass index were similar in both groups but hypertensive preg-
nancy was associated with lower HDL-cholesterol and raised
HOMA-IR. Awake ambulatory blood pressures were not sig-
nificantly different between groups. However, 9% of women
with a history of hypertensive pregnancy were on antihyperten-
sive medication. Women with a history of hypertensive preg-
nancy had higher nocturnal diastolic blood pressures, as well
as higher office and central blood pressures.

Cardiac Structure

Women with a history of hypertensive pregnancy had relative
LV hypertrophy (see Table 2) with higher LV mass (49.9+7.1
versus 46.0+6.5 g/m?, P=0.001) and mean wall thickness
(5.5+£0.9 versus 5.2+0.7 mm, P=0.02). RV mass was higher,
though this did not reach statistical significance (15.6+3.2
versus 14.8+4.5 g/m?, P=0.06) and left atrial volume index was
statistically higher (40.4+9.2 versus 37.3+7.3 mL/m?, P=0.03).

Cardiac Function

Women with a history of hypertension during pregnancy had
higher LV ejection fraction (65.6+£5.4 versus 63.7+4.3 %,
P=0.03) however there was no difference in stroke volume
index (46.5+7.8 versus 47.1+6.5 mL/m?, P=0.41). LV global

Charateristics Mean NTN (n=73), SD IQR (Range) Mean HTN (n=100), SD = IQR (Range) PValue
Age,y 41.0 5.1 8.0 421 47 8.0 017
Gestation of index pregnancy, wks 357 52 8.3 35.8 34 45 0.21
Index offspring birthweight, g 2729 1137 1941 2512 960 1466 0.14
Current smokers, n (%) 9 (13) 7(7) 0.19
BMI, kg/m? 25.8 53 6.1 26.7 55 6.8 0.22
Systolic blood pressure, mmHg 115.9 14.6 16.4 123.3 14.3 19.5 <0.001*
Diastolic blood pressure, mmHg 74.2 8.7 12.0 80.6 10.3 14.3 <0.001*
Taking antihypertensive Rx, n (%) 0(0) 9(9) 0.01*
Total cholesterol, mmol/L 4.97 0.84 1.28 4.84 0.80 1.20 0.34
LDL, mmol/L 2.94 0.79 1.35 2.89 0.65 0.98 0.74
HDL, mmol/L 1.64 0.39 0.48 1.51 0.32 0.30 <0.05*
TChol:HDL 3.18 0.86 1.32 3.32 0.76 0.97 0.23
Triglyceride, mmol/L 0.83 0.34 0.46 0.93 0.45 0.46 0.20
HsCRP, mg/L (range) 2.28 3.94 (0.02-21.60) 2.15 3.52 (0.02-25.43) 0.58
HOMA-IR 1.57 1.42 1.05 2.08 1.67 1.29 0.01*

Values are given as mean, SD, and interquartile range (IQR) unless otherwise stated. Statistical significance was defined as P<0.05. P values relate to differences
between women with a history of hypertensive (HTN) compared with normotensive pregnancy (NTN). BMI indicates body mass index; HDL, high-density lipoprotein;
HOMA-IR, homeostatic model assessment of insulin resistance; HsCRP, highly sensitive C reactive protein; LDL, low-density lipoprotein; and TChol, total cholesterol.
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Table 2. Cardiac Structure and Function
NTN HTN

Characteristics Mean (N=73), SD 1R Mean (n=100), SD IR PValue

CMR
LV mass index, g/m? 46.0 6.5 11.0 49.9 71 9.0 0.001*
Mean wall thickness, mm 5.2 0.7 1.0 55 0.9 1.1 0.02*
LV EDV index, mL/m? 74.0 9.5 11.0 70.3 9.0 11.5 0.01*
LV ESV index, mL/m? 26.9 5.0 7.0 24.3 5.1 7.0 0.002*
LVM/EDV 0.63 0.08 0.11 0.71 0.09 0.12 <0.001*
Ejection fraction, % 63.7 4.3 6.0 65.6 5.4 8.0 0.03*
LV stroke volume index, mL/m? 471 6.5 9.9 46.5 7.8 9.3 0.41
Heart rate during CMR, bpm 60.7 8.1 9 64.7 9.3 12 0.007*
LV cardiac index, mL/m? 2846 433 594 2999 504 806 0.07
Left atrial volume index, mL/m? 37.3 7.3 10.2 40.4 9.2 12.6 0.03*
RV mass index, g/m? 14.8 4.5 6.3 15.6 3.2 5.0 0.06
RV EDV index, mL/m? 78.8 10.5 13.4 7741 11.4 17.3 0.37
RV ESV index, mL/m? 31.3 6.9 11.0 29.4 6.6 11.0 0.09
RVM/EDV 0.186 0.048 0.075 0.203 0.033 0.044 <0.001*
RV ejection fraction, % 60.5 5.8 8.0 62.1 5.5 8.0 0.09
RV cardiac index, mL/m? 2877 486 654 3116 557 803 0.007*

Echo
Global longitudinal strain, % -19.94 3.59 4.03 -18.31 4.46 6.04 0.02*
E:A 1.52 0.45 0.51 1.34 0.35 0.40 0.003*
Septal E/e’ 7.78 1.91 2.79 8.25 291 2.64 0.74
Lateral E/e’ 5.99 1.69 2.07 6.27 2.21 2.44 0.67

Values are given as mean, SD, and interquartile range (IQR) unless otherwise stated. Statistical significance was defined as P<0.05 and significant values
are highlighted with a * in the table. P<0.05. P values relate to differences between women with a history of hypertensive (HTN) compared with normotensive
pregnancy (NTN). bpm indicates beats per minute; CMR, cardiovascular magnetic resonance; EDV, end diastolic volume; ESV, end systolic volume; LV, left
ventricle; LVM, left ventricular mass; RV, right ventricle; and RVM, right ventricular mass.

longitudinal strain was lower in those with a history of hyper-
tensive pregnancy (-18.31+4.46 versus -19.94+3.59 %, P=0.02)
as was E:A ratio (1.34+0.35 versus 1.52+0.45, P=0.003).

Vascular Assessment

Aortic compliance and capillary density were lower in women
with a history of hypertensive pregnancy (aortic compliance
0.240+0.053 versus 0.258+0.063, P=0.046; functional capil-
lary density 105.4+23.0 versus 115.2+20.9 capillaries/mm?,
P=0.01 respectively) (see Table 3).

Adjustment for Blood Pressure

All cardiac and vascular differences which were statistically
different between groups were adjusted to test whether dif-
ferences remained after taking into account variation in blood
pressure whether characterised as office or ambulatory blood
pressure. Differences between groups in LV mass index,
functional capillary density, LV end systolic volume index
and left atrial volume index remained after adjustment for
office blood pressure (using systolic or diastolic blood pres-
sure - see supplementary material) and separately after ad-
justment for ambulatory blood pressure (using systolic or

diastolic blood pressure - see supplementary material). No
other cardiovascular differences present between groups
were consistently present after adjustment for blood pressure.

Additional Post Hoc Analysis

Additional adjustments, in multivariate models including age,
BMI and total cholesterol:high density lipoprotein in addition
to systolic blood pressure did not have a significant impact on
the findings of cardiovascular phenotypic differences between
groups. Posthoc analysis was undertaken to see if there was a
“dose response” relationship between the severity of the hy-
pertensive disorder of pregnancy and the cardiovascular phe-
notypic differences of LV mass index and functional capillary
density. However, no consistent graded effect was observed
across the different participant groups (Figure 1).

A sensitivity analysis was also undertaken to test whether
differences in cardiac and vascular measures that persisted fol-
lowing adjustment by blood pressure were still present after ex-
clusion of women who had a history of normotensive preterm
delivery. Differences in LV mass index (45.8+6.0 versus 49.9+7.1
g/m? P<0.01) and functional capillary density (119.8+17.2
versus 105.4+23.0 cap./mm? P<0.01) remained, and were
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Table 3. Vascular Structure and Function

NTN HTN,
Charateristics Mean (n=73), SD IR Mean (n=100), SD IQR PValue
Vascular
Aortic compliance 0.258 0.063 0.084 0.240 0.053 0.078 0.046*
Aortic distensibility, mm/Hg 5.7 2.09 2.83 4.96 1.67 2.08 0.02*
Carotid-femoral PWV, m/s 6.00 1.03 1.60 6.34 1.16 1.80 0.09
Functional capillary density, cap./mm? 115.2 20.9 23.2 105.4 23.0 21.9 0.01*
Structural capillary density, cap./mm? 122.6 22.5 211 115.6 23.9 33.4 0.02*
Carotid intima media thickness, mm 0.52 0.06 0.08 0.54 0.06 0.07 0.02*

Values are given as mean, SD, and interquartile range (IQR) unless otherwise stated. Statistical significance was defined as P<0.05. P values relate to differences
between women with a history of hypertensive (HTN) compared with normotensive pregnancy (NTN). cap. indicates capillaries; and PWV, pulse wave velocity.

of similar magnitude, as were differences in LV end systolic
volume index (27.7+4.7 versus 24.3£5.1 mL/m? P=0.001);
however, differences in left atrial volume index were no longer
significant (37.6+7.5 versus 40.4+9.2 mL/m? P=0.11).

A separate sensitivity analysis was undertaken to assess
whether differences remained after exclusion of women
taking antihypertensive medications at the time of the
study visit. Differences in LV mass index, functional cap-
illary density, LV end systolic volume index, and left atrial
volume index all remained (P=0.001, P=0.01, P<0.01, and
0.03, respectively). A sensitivity analysis excluding partici-
pants who were current smokers at the time of the study
demonstrated that the significant differences in functional
capillary density remained.

Shape Changes in the Left Ventricle

Statistical shape models were used to explore differences
in shape with respect to an average anatomy (illustrated in
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Figure 1. Variation in left ventricular mass and capillary density in midlife
related to severity of hypertensive pregnancy. A, Represents left ventricular
(LV) mass index in women with a history of normotensive pregnancy (NTN—
45.9 g/m? compared with women with a history of different hypertensive
disorders during pregnancy: gestational hypertension (GH—51.4 g/m?;
P<0.01), late onset preeclampsia (PET) (late PET—49.6 g/m?; P=0.01), and
early onset preeclampsia (early PET—49.4 g/m?, P=0.02). B, Represents
functional capillary density in women with a history of normotensive
pregnancy (NTN—115 cap/mm?) compared with women with a history of
different hypertensive disorders during pregnancy: (GH—103 cap/mm?;
P<0.01), late onset preeclampsia (late PET—102 cap/mm?, P<0.01), and
early onset preeclampsia (early PET—111 cap/mm?; P=0.40).

Figure 2A). Within the whole group of women, 6 modes of
variation accounted for 92% of the variance (Figure 2B), and
these modes are shown in decreasing order of the amount of
variance explained in Figure 2D. Visual assessment of the
anatomy described by each mode identified that modes 1 and
2 describe LV length variation, modes 2, 3, and 5 apical ori-
entation and modes 4 and 5 variation in wall thickness related
to diameter. Only mode 6 varied significantly between women
with a history of hypertensive pregnancy compared with nor-
motensive pregnancy (Figure 2C and 2D). Mode 6 describes a
specific change in LV wall thickness, without change in length,
apical orientation, or basal diameter. Differences between
groups in this mode remained after adjustment for blood pres-
sure. Further subgroup analysis according to severity of hy-
pertension during index pregnancy demonstrated this specific
shape change in all pregnancy hypertension groups, without
evidence of a dose response with severity of the pregnancy
complication.

Discussion

This study shows that, in midlife, women with a history of
hypertensive pregnancy are more likely to have higher left
ventricular mass index and left atrial volume index, as well
as capillary rarefaction, independent of their individual blood
pressure levels at that time. These differences remained statis-
tically significant whether adjustment for blood pressure was
performed with office or ambulatory measures. Furthermore, a
distinct pattern of left ventricular mass distribution was identi-
fiable using a 3-dimensional computational model, which was
specifically related to a hypertensive pregnancy history.

Increased left ventricular mass is known to strongly asso-
ciate with mortality of any cause, with women who have left
ventricular hypertrophy being at greater risk than men.'® This
risk extends into the normal range of left ventricular mass*
and persists in the absence of hypertension. In the MESA, a
CMR-based study of men and women free of cardiovascular
disease, a 10% increase in left ventricular mass correlated with
a 40% increased risk of heart failure events.*! In our study,
we found a 4 g/m? difference in left ventricular mass index,
comparable to an 8% difference, was evident between groups.
This is consistent with previous reports that those who have
had a hypertensive pregnancy have significantly greater left
ventricular mass immediately postpartum.'” Scantlebury et
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Figure 2. Major patterns of variation in left ventricular geometry in women in midlife and identification of those related to hypertensive pregnancy. A, Average
anatomy (ie, atlas) of the 153 cases under study—2 views of the same 3-dimensional model in dark blue with a red sphere indicating the location of the right
ventricle, and a thickness map (thickness colour map consistent throughout this figure). B, Cumulative variance explained by each mode of variation—mode

6 accounts only for the 1.7% of the variance in shape. C, Comparison of differences in shape between hypertensive and normotensive groups in the 20 first
modes of variation (P value of unpaired T-test). D, The first 6 independent modes of variation. In all 6 cases, box-plots represent the hypertensive (green) and
normotensive (blue) distributions in each model, with the average at coordinate 0 and is represented by a dark blue cross. In the 3-dimensional models, the
average is again the dark blue left ventricular (LV) mesh overlaid on the orange and purple meshes. The orange cross and orange LV mesh represent -3 SD for
each mode of variation; the purple cross and purple LV mesh, +3 SD for each mode of variation. As illustrated here, the modes of variation represent changes in
the following: 1=ventricular length; 2=ventricular length linked to apex shift in the right to left direction and wall thickness; 3=apex shift in the right to left direction,
linked to a milder wall thickness change; 4=wall thickness linked to diameter changes; 5=wall thickness with a proportion of apex position; and 6=wall thickness.

al*? reported echo data in 2637 women showing that left ven-
tricular mass was also significantly different >25 years after a
hypertensive pregnancy. Despite the women, we studied with
a history of hypertensive pregnancy had significantly higher
LV mass (49.9+7.1 g/m? compared with those with a his-
tory of normotensive pregnancy, the majority of values were
within ranges reported for healthy populations in the United
Kingdom (42+7 g/m?).%* However, our analysis suggests this
increased left ventricular mass after hypertensive pregnancy is
not explained by differences in blood pressure and can occur
before development of hypertension or overt cardiovascular
disease.

Women with a history of hypertensive pregnancy also
exhibited reduced dermal capillary density. We have pre-
viously shown an increase in cerebrovascular white matter
changes in woman after hypertensive pregnancies* suggesting
microvascular differences may be present across several vas-
cular beds. Increased systemic vascular resistance, thought to
be predominantly due to capillary rarefaction, is also reported
during hypertensive pregnancy,'” when it is associated with
pathophysiological myocardial hypertrophic adaptation'® and
is thought to precede development of hypertension in those
with a hypertensive family history.>*3¢ The presence of capil-
lary rarefaction in individuals with increased left ventricular
mass is consistent with reports of reduced capillary density in
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several phenotypes of heart disease including diastolic heart
failure®” and microvascular coronary disease.®

We undertook unbiased geometric analysis to assess
whether subtle shape differences, not identified by 2-dimem-
sional analysis or global parameters, could further describe
cardiovascular phenotypic differences associated with a his-
tory of hypertensive pregnancy. We previously developed
this methodology of cardiac CMR atlas formation to identify
unique cardiac shape differences in young adult life associ-
ated with preterm birth.? Since then, the techniques have been
tried in multiple different settings including to demonstrate
an association between LV hypertrophy and fat mass* while
Gilbert et al* using a large cohort from the UK Biobank has
demonstrated a stronger association between cardiovascular
risk factors and cardiac atlas shapes than simple measures of
mass and volume. In the current study, we identified that a
global increase in LV wall thickness, independent of differ-
ences in blood pressure, is the main cardiac morphological
difference between women with normotensive and hyperten-
sive pregnancies, consistent with our findings of increased
LV mass index and increased average wall thickness on mid
ventricular 2-dimensional measurement. Whether the char-
acteristic 3-dimensional variation is identifiable in other hy-
pertensive disease cohorts, its use as a biomarker provides
additional prognostic information to simple mass measures or
whether the anatomic variation has specific functional impacts
requires further study and longitudinal follow-up.

Interestingly, LV ejection fraction was slightly higher
in those with a history of hypertensive pregnancy; however,
global longitudinal strain was lower. This difference in ejec-
tion fraction appears to relate to the fact that stroke volume
was similar between groups, but LV end diastolic volume was
smaller in those with a history of hypertensive pregnancy.

Differences seem to be present throughout the spectrum
of hypertensive disorders of pregnancy, as currently defined
by guidelines, and our data does not support a dose response
relationship between the timing of hypertension diagnosis
in pregnancy with cardiovascular differences 9 years later.
Although previous data*' has suggested a correlation between
severity of hypertensive disorder at the time of pregnancy and
later cardiovascular disease, it maybe that there are other, as
yet unidentified, pregnancy or nonpregnancy related factors,
which are important in identifying those most likely to exhibit
phenotypic differences in later in life.

It is recognized that women with a history of spontaneous
preterm delivery uncomplicated by hypertension have an el-
evated cardiovascular risk in later life.*> Hence, we purpose-
fully recruited individuals with preterm delivery both with
and without hypertension so that we could identify changes
in cardiovascular phenotype specific to pregnancy hyperten-
sion rather than other pregnancy complications. It maybe that
due to this aspect of study design, our results underestimate
differences between those with a history of hypertensive preg-
nancy and a population with solely uncomplicated pregnan-
cies. However, a sensitivity analysis was performed excluding
those with a normotensive preterm delivery and the main find-
ings of differences in LV mass, capillary rarefaction, and LV
size remained.

Our study has some important limitations. First, the depth
of multimodality imaging across multiple vascular and car-
diac phenotypes combined with the detailed extraction and
adjudication of pregnancy history from medical records meant
the group sizes are relatively small. Therefore, we may have
been underpowered to identify subtle differences between
certain imaging phenotypes, subgroups, or severities of hy-
pertensive pregnancy. Second, the study was performed at a
single time point several years after delivery and causality
cannot be inferred. The particular time point chosen provides
confidence that any differences detected are independent of
transient physiological changes of pregnancy and precede de-
velopment of established hypertension but longitudinal stud-
ies, ideally extending from prepregnancy to later life will be
of value to establish the time course of changes. Furthermore,
understanding links between these phenotypes and disease in
later life will be of value to determine whether it is possible
to identify high-risk individuals using imaging earlier in life.

Perspectives

Our findings demonstrate that hypertensive disorders of preg-
nancy are associated with structural differences in the heart
and microvasculature in midlife, independent of blood pres-
sure. Hypertension during pregnancy is now a well-recog-
nized risk factor for cardiovascular disease in later life.* Left
ventricular hypertrophy is a risk factor for heart failure* and,
independent of hypertension, is associated with mortality in
women more than in men.'® Microvascular rarefaction is as-
sociated with heart failure?” and angina.** Therefore, the dif-
ferences identified in this study require further evaluation as
possible biomarkers to identify women at high risk of later
cardiovascular disease. If so, future interventions targeting
women expressing these surrogate markers may be a valid
prevention strategy.

Sources of Funding

This work was supported by grants to Professor Leeson from the
British Heart Foundation (FS/06/024 and FS/11/65/28865), National
Institute for Health Research Oxford Biomedical Research Centre
and Oxford British Heart Foundation Centre for Research Excellence.
T. Siepmann was supported by a European Academy of Neurology
Fellowship and received grants from the Michael J. Fox Foundation
and Prothena Biosciences. P. Lamata holds a Wellcome Trust Senior
Research Fellowship (209450/Z/17/Z). A. Bilderbeck received sala-
ries from Plvital Ltd.

Disclosures
None.

References

1. MoscaL,BenjaminEJ, BerraK,BezansonJL,DolorRJ,Lloyd-Jones DM,
Newby LK, Pina IL, Roger VL, Shaw LJ, et al; American Heart
Association. Effectiveness-based guidelines for the prevention of
cardiovascular disease in women—2011 update: a guideline from the
American Heart Association. J Am Coll Cardiol. 2011;57:1404—1423.
doi: 10.1016/j.jacc.2011.02.005

2. Robertson RM. Women and cardiovascular disease: the risks of misper-
ception and the need for action. Circulation. 2001;103:2318-2320. doi:
10.1161/01.¢ir.103.19.2318

3. Ros HS, Cnattingius S, Lipworth L. Comparison of risk factors
for preeclampsia and gestational hypertension in a population-
based cohort study. Am J Epidemiol. 1998;147:1062-1070. doi:
10.1093/oxfordjournals.aje.a009400



10.

16.

17.

18.

19.

20.

21.

22.

. Thilaganathan B,

Boardman et al

. Bellamy L, Casas JP, Hingorani AD, Williams DJ. Pre-eclampsia and risk

of cardiovascular disease and cancer in later life: systematic review and
meta-analysis. BMJ. 2007;335:974. doi: 10.1136/bmj.39335.385301.BE

. Benschop L, Duvekot JJ, Versmissen J, van Broekhoven V, Steegers EAP,

Roeters van Lennep JE. Blood pressure profile 1 year after severe preeclampsia.
Hypertension. 2018;71:491-498. doi: 10.1161/HYPERTENSIONAHA.
117.10338

. Lazdam M, de la Horra A, Diesch J, Kenworthy Y, Davis E,

Lewandowski AJ, Szmigielski C, Shore A, Mackillop L, Kharbanda R,
et al. Unique blood pressure characteristics in mother and offspring after
early onset preeclampsia. Hypertension. 2012;60:1338-1345. doi:
10.1161/HYPERTENSIONAHA.112.198366

. Moe K, Sugulle M, Dechend R, Staff AC. Risk prediction of ma-

ternal cardiovascular disease one year after hypertensive pregnancy
complications or gestational diabetes mellitus. Eur J Prev Cardiol.
2019:2047487319879791. doi: 10.1177/2047487319879791

. Melchiorre K, Sutherland GR, Baltabaeva A, Liberati M, Thilaganathan

B. Maternal cardiac dysfunction and remodeling in women with pre-
eclampsia at term. Hypertension. 2011;57:85-93. doi: 10.1161/
HYPERTENSIONAHA.110.162321

. Kriker K, O’Driscoll JM, Schiitte T, Herse F, Patey O, Golic M, Geisberger

S, Verlohren S, Birukov A, Heuser A, et al. Statins reverse postpartum
cardiovascular dysfunction in a rat model of preeclampsia. Hypertension.
2020;75:202-210. doi: 10.1161/HYPERTENSIONAHA.119.13219
Melchiorre K, Sutherland GR, Liberati M, Thilaganathan B. Preeclampsia
is associated with persistent postpartum cardiovascular impairment.
Hypertension. 2011;58:709-715. doi: 10.1161/HYPERTENSIONAHA.
111.176537

. Lazdam M, Davis EF, Lewandowski AJ, Worton SA, Kenworthy Y,

Kelly B, Leeson P. Prevention of vascular dysfunction after preeclampsia:
a potential long-term outcome measure and an emerging goal for treat-
ment. J Pregnancy. 2012;2012:704146. doi: 10.1155/2012/704146

. Nama V, Manyonda IT, Onwude J, Antonios TF. Structural capillary rar-

efaction and the onset of preeclampsia. Obstet Gynecol. 2012;119:967—
974. doi: 10.1097/A0G.0b013e31824ea092

. Reddy M, Wright L, Rolnik DL, Li W, Mol BW, La Gerche A,

da SilvaCosta F, Wallace EM, Palmer K. Evaluation of cardiac function in
women with a history of preeclampsia: a systematic review and meta-anal-
ysis. J Am Heart Assoc. 2019;8:e013545. doi: 10.1161/JAHA.119.013545
Kalafat E. Cardiovascular system in pree-
clampsia and beyond. Hypertension. 2019;73:522-531.  doi:
10.1161/HYPERTENSIONAHA.118.11191

. Maric-Bilkan C, Abrahams VM, Arteaga SS, Bourjeily G, Conrad KP,

Catov JM, Costantine MM, Cox B, Garovic V, George EM, et al. Research
recommendations from the National Institutes of Health Workshop
on Predicting, Preventing, and Treating Preeclampsia. Hypertension.
2019;73:757-766. doi: 10.1161/HYPERTENSIONAHA.118.11644
LiaoY, Cooper RS, Mensah GA, McGee DL. Left ventricular hypertrophy
has a greater impact on survival in women than in men. Circulation.
1995:;92:805-810. doi: 10.1161/01.¢ir.92.4.805

McDonagh TA, Cunningham AD, Morrison CE, McMurray JJ, Ford I,
Morton JJ, Dargie HJ. Left ventricular dysfunction, natriuretic peptides,
and mortality in an urban population. Heart. 2001;86:21-26. doi:
10.1136/heart.86.1.21

Kane GC, Karon BL, Mahoney DW, Redfield MM, Roger VL,
Burnett JC Jr, Jacobsen SJ, Rodeheffer RJ. Progression of left ventricular
diastolic dysfunction and risk of heart failure. JAMA. 2011;306:856-863.
doi: 10.1001/jama.2011.1201

Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovas-
cular events and all-cause mortality with arterial stiffness: a systematic
review and meta-analysis. J Am Coll Cardiol. 2010;55:1318-1327. doi:
10.1016/j.jacc.2009.10.061

Tibirica E, Souza EG, De Lorenzo A, Oliveira GM. Reduced sys-
temic microvascular density and reactivity in individuals with early
onset coronary artery disease. Microvasc Res. 2015;97:105-108. doi:
10.1016/j.mvr.2014.10.004

Tranquilli AL, Brown MA, Zeeman GG, Dekker G, Sibai BM.
The definition of severe and early-onset preeclampsia. Statements
from the International Society for the Study of Hypertension in
Pregnancy (ISSHP). Pregnancy Hypertens. 2013;3:44-47. doi:
10.1016/j.preghy.2012.11.001

Lewandowski AJ, Augustine D, Lamata P, Davis EF, Lazdam M, Francis J,
McCormick K, Wilkinson AR, Singhal A, Lucas A, et al. Preterm heart
in adult life: cardiovascular magnetic resonance reveals distinct

Cardiovascular Phenotype After Hypertensive Pregnancy

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

1549

differences in left ventricular mass, geometry, and function. Circulation.
2013;127:197-206. doi: 10.1161/CIRCULATIONAHA.112.126920
Lewandowski AJ, Lazdam M, Davis E, Kylintireas I, Diesch J, Francis J,
Neubauer S, Singhal A, Lucas A, Kelly B, et al. Short-term exposure to
exogenous lipids in premature infants and long-term changes in aortic and
cardiac function. Arterioscler Thromb Vasc Biol. 2011;31:2125-2135.
doi: 10.1161/ATVBAHA.111.227298

Jackson CE, Shirodaria CC, Lee JM, Francis JM, Choudhury RP,
Channon KM, Noble JA, Neubauer S, Robson MD. Reproducibility
and accuracy of automated measurement for dynamic arterial lumen
area by cardiovascular magnetic resonance. Int J Cardiovasc Imaging.
2009;25:797-808. doi: 10.1007/s10554-009-9495-5

Boardman H, Lewandowski AJ, Lazdam M, Kenworthy Y, Whitworth P,
Zwager CL, Francis JM, Aye CY, Williamson W, Neubauer S, et al. Aortic
stiffness and blood pressure variability in young people: a multimodal-
ity investigation of central and peripheral vasculature. J Hypertens.
2017;35:513-522. doi: 10.1097/HJH.0000000000001192

Lewandowski AJ, Davis EF, Yu G, Digby JE, Boardman H, Whitworth P,
Singhal A, Lucas A, McCormick K, Shore AC, et al. Elevated blood pressure
in preterm-born offspring associates with a distinct antiangiogenic state
and microvascular abnormalities in adult life. Hypertension. 2015;65:607—
614. doi: 10.1161/HYPERTENSIONAHA.114.04662

Lazdam M, de la Horra A, Pitcher A, Mannie Z, Diesch J, Trevitt C,
Kylintireas I, Contractor H, Singhal A, Lucas A, et al. Elevated blood
pressure in offspring born premature to hypertensive pregnancy: is en-
dothelial dysfunction the underlying vascular mechanism? Hypertension.
2010;56:159-165. doi: 10.1161/HYPERTENSIONAHA.110.150235
Lamata P, Niederer S, Nordsletten D, Barber DC, Roy I, Hose DR,
Smith N. An accurate, fast and robust method to generate patient-spe-
cific cubic Hermite meshes. Med Image Anal. 2011;15:801-813. doi:
10.1016/j.media.2011.06.010

Heckbert SR, Post W, Pearson GD, Arnett DK, Gomes AS,
Jerosch-Herold M, Hundley WG, Lima JA, Bluemke DA. Traditional
cardiovascular risk factors in relation to left ventricular mass, volume,
and systolic function by cardiac magnetic resonance imaging: the
Multiethnic Study of Atherosclerosis. J Am Coll Cardiol. 2006;48:2285—
2292. doi: 10.1016/j.jacc.2006.03.072

Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP. Prognostic
implications of echocardiographically determined left ventricular mass in
the Framingham Heart Study. N Engl J Med. 1990;322:1561-1566. doi:
10.1056/NEIM199005313222203

Bluemke DA, Kronmal RA, Lima JA, Liu K, Olson J, Burke GL,
Folsom AR. The relationship of left ventricular mass and geometry
to incident cardiovascular events: the MESA (Multi-Ethnic Study of
Atherosclerosis) study. J Am Coll Cardiol. 2008;52:2148-2155. doi:
10.1016/j.jacc.2008.09.014

Scantlebury DC, Kane GC, Wiste HJ, Bailey KR, Turner ST, Arnett DK,
Devereux RB, Mosley TH Jr, Hunt SC, Weder AB, et al. Left ven-
tricular hypertrophy after hypertensive pregnancy disorders. Heart.
2015;101:1584-1590. doi: 10.1136/heartjnl-2015-308098

Petersen SE, Aung N, Sanghvi MM, Zemrak F, Fung K, Paiva JM,
Francis JM, Khanji MY, Lukaschuk E, Lee AM, et al. Reference ranges
for cardiac structure and function using cardiovascular magnetic reso-
nance (CMR) in Caucasians from the UK Biobank population cohort. J
Cardiovasc Magn Reson. 2017;19:18. doi: 10.1186/s12968-017-0327-9
Siepmann T, Boardman H, Bilderbeck A, Griffanti L, Kenworthy Y,
Zwager C, McKean D, Francis J, Neubauer S, Yu GZ, et al. Long-term
cerebral white and gray matter changes after preeclampsia. Neurology.
2017;88:1256-1264. doi: 10.1212/WNL.0000000000003765

Noon JP, Walker BR, Webb DJ, Shore AC, Holton DW, Edwards HV,
Watt GC. Impaired microvascular dilatation and capillary rarefaction in
young adults with a predisposition to high blood pressure. J Clin Invest.
1997;99:1873-1879. doi: 10.1172/JCI119354

Serné EH, Gans RO, ter Maaten JC, Tangelder GJ, Donker AlJ,
Stehouwer CD. Impaired skin capillary recruitment in essential hyper-
tension is caused by both functional and structural capillary rarefaction.
Hypertension. 2001;38:238-242. doi: 10.1161/01.hyp.38.2.238
Mohammed SF, Hussain S, Mirzoyev SA, Edwards WD, Maleszewski JJ,
Redfield MM. Coronary microvascular rarefaction and myocardial fibrosis
inheartfailure with preserved ejection fraction. Circulation.2015;131:550—
559. doi: 10.1161/CIRCULATIONAHA.114.009625

Gulati M, Shaw LJ, Bairey Merz CN. Myocardial ischemia in women: les-
sons from the NHLBI WISE study. Clin Cardiol. 2012;35:141-148. doi:
10.1002/clc.21966



1550

39.

40.

41.

42.

Hypertension June 2020

Corden B, de Marvao A, Dawes TJ, Shi W, Rueckert D, Cook SA,
O’Regan DP. Relationship between body composition and left ventricular
geometry using three dimensional cardiovascular magnetic resonance. J
Cardiovasc Magn Reson. 2016;18:32. doi: 10.1186/s12968-016-0251-4
Gilbert K, Bai W, Mauger C, Medrano-Gracia P, Suinesiaputra A, Lee AM,
Sanghvi MM, Aung N, Piechnik SK, Neubauer S, et al. Independent left
ventricular morphometric atlases show consistent relationships with car-
diovascular risk factors: a UK Biobank Study. Sci Rep. 2019;9:1130. doi:
10.1038/541598-018-37916-6

Veerbeek JH, Hermes W, Breimer AY, van Rijn BB, Koenen SV,
Mol BW, Franx A, de Groot CJ, Koster MP. Cardiovascular disease
risk factors after early-onset preeclampsia, late-onset preeclampsia, and
pregnancy-induced hypertension. Hypertension. 2015;65:600-606. doi:
10.1161/HYPERTENSIONAHA.114.04850

Haas DM, Parker CB, Marsh DJ, Grobman WA, Ehrenthal DB,
Greenland P, Bairey Merz CN, Pemberton VL, Silver RM, Barnes S, et al;
NHLBI nuMoM2b Heart Health Study. Association of adverse pregnancy

43.

44.

45.

outcomes with hypertension 2 to 7 years postpartum. J Am Heart Assoc.
2019;8:e013092. doi: 10.1161/JAHA.119.013092

McDonald SD, Malinowski A, Zhou Q, Yusuf S, Devereaux PJ.
Cardiovascular sequelae of preeclampsia/eclampsia: a systematic re-
view and meta-analyses. Am Heart J. 2008;156:918-930. doi: 10.1016/j.
ahj.2008.06.042

Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner MH,
Fonarow GC, Geraci SA, Horwich T, Januzzi JL, et al; American
College of Cardiology Foundation; American Heart Association
Task Force on Practice Guidelines. 2013 ACCF/AHA guideline for
the management of heart failure: a report of the American College
of Cardiology Foundation/American Heart Association Task Force
on Practice Guidelines. J Am Coll Cardiol. 2013;62:e147-e239. doi:
10.1016/j.jacc.2013.05.019

Antonios TF, Kaski JC, Hasan KM, Brown SJ, Singer DR. Rarefaction
of skin capillaries in patients with anginal chest pain and normal
coronary arteriograms. Eur Heart J. 2001;22:1144-1148. doi:
10.1053/euhj.2000.2442

Novelty and Significance

What Is New?

Prior studies have shown that women have cardiovascular phenotypic
changes peripartum and are at increased risk of cardiovascular disease
in later life.

However which phenotypic changes persist long term and whether these
changes are explained by differences in blood pressure is unknown.

What Is Relevant?

Hypertensive disorders of pregnancy are common, occurring in up to
10% of women.

Typically hypertension resolves postpartum; however, cardiovascular
risk remains elevated and there may be disease specific mechanisms,
which are distinct from essential hypertension.

Our findings demonstrate relative LV hypertrophy and capillary rar-
efaction several years after hypertensive pregnancy. These differ-
ences are not explained by differences in blood pressure.

derestimate cardiovascular risk in women with a history of hyper-
tensive pregnancy.

Summary

Traditional assessment tools relying on blood pressure may un-






