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Abstract

Aims

Peripartum cardiomyopathy is a potentially life-threatening cause of heart failure, com-

moner in Afro-Caribbean than Caucasian women. Its diagnosis can be challenging due to

physiological changes in cardiac function that also occur in healthy women during the early

postpartum period. This study aimed to (i) establish the overlap between normal cardiac

physiology in the immediate postpartum period and pathological changes in peripartum car-

diomyopathy ii) identify any ethnicity-specific changes in cardiac function and cardiac bio-

markers in healthy postpartum women.

Methods and Results

We conducted a cross-sectional study of 58 healthy postpartum women within 48 hours of

delivery and 18 matched non-pregnant controls. Participants underwent cardiac assess-

ment by echocardiography and strain analysis, including 3D echocardiography in 40 post-

partum women. Results were compared with 12 retrospectively studied peripartum

cardiomyopathy patients. Healthy postpartum women had significantly higher left ventricu-

lar volumes and mass, and lower ejection fraction and global longitudinal strain than non-

pregnant controls. These parameters were significantly more impaired in peripartum car-

diomyopathy patients but with overlapping ranges of values. Healthy postpartum women

had higher levels of adrenomedullin, placental growth factor (PlGF) and soluble fms-like

tyrosine kinase-1 (sFlt1) compared to controls. The postpartum state, adrenomedullin,

sFlt1 and the sFlt1:PlGF ratio were independent predictors of LV remodelling and function

in healthy postpartum women.
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Conclusion

Healthy postpartum women demonstrate several echocardiographic indicators of left ven-

tricular remodelling and reduced function, which are associated with altered levels of angio-

genic and cardiac biomarkers.

Introduction
Peripartum cardiomyopathy (PPCM) is a potentially life-threatening cause of heart failure that
manifests in the last month of pregnancy or the first few months following delivery.[1] Mortal-
ity rates range from 10–30%, and complete recovery of left ventricular (LV) function occurs in
less than half of women.[1] There are significant geographic and ethnic variations in the inci-
dence of PPCM, with especially high rates in South Africa and Haiti whereas the epidemiology
in Europe is poorly characterised.[2] The underlying pathophysiological mechanisms of PPCM
are incompletely understood. Recent studies have identified oxidative stress, inflammation and
an imbalance of angiogenic factors in the post-partum period as potentially important factors.
[3] A substantial proportion of PPCM patients present in the post-partum period when diag-
nosis may be difficult due to the physiological changes associated with delivery.

It is well recognised that the maternal heart undergoes significant structural changes during
pregnancy, with the LV demonstrating features of a volume overload state.[4–6] However, most
previous studies were performed using 2D or M-mode echocardiography, before the widespread
availability of more advanced methods such as 3D echocardiography.[7] Furthermore, very lim-
ited data are available on cardiac function in healthy women during the early postpartum
period. It is also not known whether cardiac function in this period differs by ethnicity.

This study aimed to establish the normal parameters of cardiac structure and function in
healthy Caucasian and Afro-Caribbean women in the immediate postpartum period and to
define the overlap between normal postpartum physiology and pathological changes in PPCM.

Methods

Study population
The study was performed between June 2012 and September 2013 at King's College Hospital in
South London, which has a large maternity unit and an approximately equal number of Cauca-
sian and Afro-Caribbean women admitted for delivery. The study complied with the Declara-
tion of Helsinki and was approved by the LondonWandsworth Research and Ethics
Committee. All participants provided written informed consent.

We prospectively recruited 58 women (mean age 31.1±5.6 years) less than 48 hours postpar-
tum following an uncomplicated vaginal delivery. Only subjects free from pre-existing medical
conditions and on no regular medications were included, and all were non-smokers. All subjects
underwent 2D and Doppler echocardiography while 40 of the 58 women also underwent 3D LV
imaging. Five subjects had suboptimal apical echocardiographic views that precluded accurate 3D
analysis, and 13 ended the study prior to 3D image acquisition due to an unsettled baby. All par-
ticipants had blood pressure measured prior to the echocardiographic study. A subset of PP
women (n = 30) provided blood samples for analysis of biomarkers. Six PP women with abnormal
results had subsequent repeat echocardiography and blood tests. A control group of 18 healthy,
age and ethnicity-matched women (mean age 32.1±7.2years), who had not been pregnant in the
last year, underwent echocardiography and 14 of these consented to biomarker analysis.
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Given the relatively low incidence of PPCM,[2] the prospective recruitment of participants
was not feasible. Instead, we studied a retrospective sample of 12 consecutive patients diag-
nosed with PPCM over a 3 year period according to the criteria set out by Sliwa et al.[1]All
patients were diagnosed post-partum (42.5 ±9.2 days after delivery) by a total of 4 different
operators. Eleven had a 2D echocardiogram within 24 hours of presentation and the 12th

patient had echocardiography upon referral to the cardiac outpatient service. 3D echocardiog-
raphy was performed between 2–7 days after the initiation of treatment in all patients.

Echocardiography and Doppler studies
2D and 3D echocardiography was performed according to the American Society of Echocardi-
ography and EAE/ASE guidelines.[8] An iE33 system (Philips Medical Systems, Andover, Mas-
sachussetts) was used with a 2.5-MHz transducer and anX5 matrix array transducer to acquire
2D and 3D images, respectively. Images were acquired in the left lateral decubitus position.
The 3D examination was focused on the LV; a full-volume 3Ddataset was obtained from the
apical window during a breath-hold, to minimise the risk of stitch artefacts. ECG-gated acqui-
sition was used to combine real-time 3D data over four cardiac cycles.

Pulsed wave Doppler at the mitral leaflet tips on the apical 4-chamber view was measured to
quantify early (E) and atrial (A) phases of diastolic filling. E’measurements at the lateral and
septal mitral annulus were obtained using tissue Doppler imaging (TDI), and the average of
the two measurements was used as a measure of global LV diastolic function.[9] Continuous
wave Doppler sampling at the aortic valve on the apical 5-chamber view was used to provide
data on the timing of aortic valve opening and closure.

Echocardiographic data analysis
Offline analysis was performed using Xcelera (Philips) and Qlab (Philips) software by two
independent operators. LV volumes were calculated from the 3D dataset by identifying the
mitral annulus and apex at end-diastole and end-systole.[7] An automated (manually-adjust-
able) endocardial edge detection system calculated the LV end-diastolic (LVEDV) and end-sys-
tolic (LVESV) volumes. This dataset was used to provide 3D ejection fraction (EF) and also to
detect LV epicardial boundaries to derive LV mass. The LV end-diastolic major axis from the
3D dataset was used to calculate a 3D sphericity index.[10] 2D ejection fraction (EF) was also
calculated (using the Simpson’s biplane method), but the 3D EF was used preferentially in data
analysis, as it makes no assumptions about LV shape [7]; a factor that is particularly important
given the observations of LV remodelling in pregnancy [12–14]. For the same reason, 3D (but
not 2D) EF was used in the multivariate linear regression analysis to determine predictors of
LV remodelling.

LV 2D strain analysis was performed using Qlab advanced quantification software version 9
(Philips, MA). Speckle tracking was performed using the software’s automated edge detection
system, and adjusted manually as necessary.[11] Analysis was only performed on images of
sufficient quality for speckle tracking to be performed accurately throughout the cardiac cycle.
Longitudinal strain was obtained in the LV 4 chamber, 2 chamber and 3 chamber views and
global longitudinal strain (GLS) was calculated by combining these measurements.

Biomarkers
Blood samples were aliquoted, frozen and batch analysed in a blinded fashion. We quantified
adrenomedullin, high-sensitivity C-reactive protein (hsCRP), NT-pro-brain natriuretic peptide
(NT-pro-BNP), oxidized low density lipoprotein (ox LDL), placental growth factor (PlGF) and
soluble fms-like tyrosine kinase 1 (sFlt1).
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Statistics
Subject characteristics are summarised as mean±SD and other results as mean±SEM. Data
were tested for normality and compared using either one-way ANOVA or the Mann-Whitney
U test, as appropriate. Ethnicity distribution was assessed by the chi-squared test for categorical
variables. Pearson correlation coefficients were used to identify linear relationships between
continuous variables. Independent predictors of LV remodelling were identified by multivari-
ate linear regression. All tests were 2-tailed and differences were considered significant at
p<0.05. Bonferroni correction was applied for multiple comparisons.

Measurement variability for 3D data and 2D strain was assessed in fifteen randomly selected
studies using intra-class correlation coefficients. Intraclass correlation coefficients demon-
strated inter-observer variability of r = 0.84 for 3D EF, r = 0.73 for GLS. Intra-observer variabil-
ity was r = 0.75 for 3D EF, r = 0.79 for GLS.

Results

Baseline characteristics
The control and healthy PP groups were matched for age, ethnicity and BMI and there were no
differences between the subgroup of 40 PP women who underwent 3D echocardiography and
the combined group of 58 PP women (Table 1). Healthy PP women had significantly lower sys-
tolic, diastolic and mean arterial blood pressures than controls.

The PPCM group had a mean age of 35.0 ± 2.4 years and a similar distribution of ethnicity
as the control and healthy PP groups. Values for systolic blood pressure (113.9±20mmHg,
p = 0.27) and diastolic blood pressure (73.0±15mmHg, p = 0.18) in PPCM patients were simi-
lar to healthy controls.

Left ventricular structure
Healthy PP women had significantly larger LVEDV, LVESV, mass and sphericity index than
controls by 3D echocardiography (Fig 1a and 1b). The LV mass/LVEDV ratio was also signifi-
cantly higher in the PP group (1.04±0.45 vs. 0.85±0.05 in controls, p = 0.01), suggestive of con-
centric hypertrophic remodelling. These structural changes were more exaggerated in PPCM
patients (Fig 1a and 1b).

Table 1. Baseline characteristics of control and healthy postpartum groups. Healthy PP women had significantly lower systolic, diastolic and mean
arterial blood pressures than controls. Data are presented as mean ± SD. BMI, body mass index; BSA, body surface area; Healthy PP, healthy postpartum;
MAP, mean arterial pressure; PPCM, peripartum cardiomyopathy; *p<0.001, compared to controls.

Characteristic Control Healthy PP Healthy PP
Whole group 3D echo

n 18 58 40

Ethnicity n (%)

Afro-Caribbean 9 (50) 26 (45) 19 (48)

Caucasian 9 (50) 32 (55) 21 (52)

Age (years) 32.1±7.2 31.1±5.6 31.8±4.8

BMI (kg/m2) 25.1±5.2 27.2±6.3 27.0±5.5

BSA (m2) 1.74±0.2 1.83±0.2 1.83±0.2

Systolic BP (mmHg) 121.4±15.6 110.4±10.3 109.3±10.1*

Diastolic BP (mmHg) 78.6±7.2 69.3±8.6 68.8±8.9*

MAP (mmHg) 91.8±9.9 83.1±8.4 82.5±8.5*

doi:10.1371/journal.pone.0147074.t001
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Fig 1. Echocardiographic indices in control, healthy postpartum and postpartum cardiomyopathy groups. a) LV volumes and mass, b) sphericity
index, c) 3D ejection fraction, d) 3D ejection fraction vs. stroke work, e) global longitudinal strain, and f) diastolic function. LVEDV, LV end-diastolic volume;
LVESV, LV end-systolic volume. *p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0147074.g001
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LV systolic and diastolic function
Healthy PP women had a significantly lower 3D ejection fraction (EF) than controls (58.5±1.1
vs. 65.0±1.9%, p<0.01) but LV stroke work was unchanged (Fig 1c and 1d). GLS was also sig-
nificantly lower in the postpartum group (Fig 1e). In parallel with structural changes, reduction
in LV systolic function was more pronounced in PPCM patients than healthy PP women (Fig
1c and 1d). Healthy PP women and PPCM patients had significantly raised E/E’ ratio com-
pared to controls (Fig 1f).

Biomarkers
Healthy PP women had higher levels of adrenomedullin, hsCRP, sFlt1 and PlGF than matched
control subjects (Fig 2). The ratio of sFlt1/PlGF was also higher in healthy PP women. There
were no differences between the control and postpartum groups in levels of NT-pro-BNP or
oxidised LDL (19.1±6.0 vs. 13.1±3.1μg/L, respectively; p = 0.34).

Repeat echocardiography in women with reduced ejection fraction
The lowest value for 3D EF in the control group was 51%. 6 healthy PP women had a 3D
EF� 50% (range 40.8–49.7%). None of these had any symptoms or signs of cardiovascular
dysfunction. These 6 women attended for repeat echocardiography 4 to 8 months after their
initial studies, by when EF had increased from 47.4±0.34 to 60.8±0.18%. Although the number
of subjects was small, several biomarkers in this subgroup were higher than those in the overall
healthy PP group (adrenomedullin 0.54±0.1 vs. 0.51±0.02 pg/ml; hsCRP 72.1±2.9 vs. 52.9±7.4
mg/L; NT-pro-BNP 135±4.0 vs. 85.3±1.8 pg/ml).

Ethnic differences
Healthy PP Afro-Caribbean and Caucasian women had similar ages, BMI and blood pressure
(Table 2). LV volumes, mass and sphericity index were similar between the groups. There was
a trend towards lower stroke work index in Afro-Caribbean vs. Caucasian women, but EF was
not significantly different. The E/A ratio was significantly lower in Afro-Caribbean women.
Afro-Caribbean women had significantly lower values than Caucasian women for strain in two
of the three apical segments but GLS was similar between the groups (Table 2). All measured
biomarkers were similar between the groups (data not shown).

Potential determinants of LV remodelling and function
We investigated the correlation between three key echocardiographic parameters of LV remod-
elling/function (i.e. LV mass index, LVEDVI and EF) and clinical characteristics and cardiac
biomarkers in the combined group of healthy PP women and controls (Table 3). The postpar-
tum state had a significant positive association with LV mass index and LVEDVI and a signifi-
cant negative association with 3D EF. LV mass index correlated negatively with MAP and
positively with adrenomedullin, hsCRP and sFlt-1.

In multivariate linear regression analysis (Table 4), adrenomedullin was an independent
predictor of LV mass index (p<0.03), and the postpartum state was an independent predictor
of 3D EF (p<0.02). sFlt1 and sFLT1:PlGF were independent predictors of LV end-diastolic vol-
ume index (p<0.01 for both).

Discussion
It is well established that pregnancy is accompanied by significant changes in systemic haemo-
dynamics and structural cardiac remodelling.[12] Cardiac output, stroke volume and heart rate
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increase significantly in the 3rd trimester,[4, 12] while the LV undergoes dilatation and eccen-
tric hypertrophy.[13–15] The changes in LV mass, wall stress and longitudinal strain normalise
by 2 weeks to 6 months postpartum.[15, 16] However, little is known about cardiac function
during the early postpartum phase- a period of large and relatively rapid changes in maternal
haemodynamic state—with previous studies focusing on women no earlier than 2 weeks post-
partum.[16]

Fig 2. Serum levels of cardiac biomarkers andmarkers of oxidative stress in control vs. healthy postpartumwomen. a) adrenomedullin, b) NT-pro-
BNP, c) hsCRP, d) ox-LDL, e) sFLT-1, f) PlGF, g) sFlt1:PlGF. hsCRP, high sensitivity C-reactive protein; NT-pro-BNP, N-terminal pro-brain natriuretic
peptide; ox-LDL, oxidised LDL; PlGF, placental growth factor; sFlt1, soluble fms-like tyrosine kinase.

doi:10.1371/journal.pone.0147074.g002
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In this study, we characterise using advanced 2D and 3D echocardiography the normal
physiological range of cardiac size and function in Caucasian and Afro-Caribbean women in
the early postpartum period. By studying only women with uncomplicated vaginal delivery in
the healthy postpartum group, we avoided any confounding effect of surgery. The most striking

Table 2. Comparison of ethnic variations in LV remodelling and function. Compared to Caucasian women, Afro-Caribbean women had a lower E/A
ratio and reduced longitudinal strain in two apical LV walls. AP3 APA, apical three-chamber apical anterior; AP2 BA, apical two-chamber basal anterior; AP4
MAL, apical four-chamber mid-anterolateral; BMI, body mass index; GLS, global longitudinal strain; 3D LVEDV, left ventricular end-diastolic volume, 3D
LVESV, left ventricular end-systolic volume; 3D EF, ejection fraction.

Parameter Afro-Caribbean Caucasian p value

Age (years) 30.2±5.5 31.8±5.6 0.29

BMI (kg/m2) 28.2±6.1 26.5±6.5 0.32

Systolic BP (mmHg) 110.7±10.2 109.6±10.7 0.70

Diastolic BP (mmHg) 68.7±7.6 69.6±9.4 0.69

LVEDV (ml) 93.5±4.5 103.2±4.6 0.22

LVESV (ml) 40.3±2.1 40.6±2.5 0.94

LV mass (g) 100.7±4.1 105.7±4.3 0.52

Sphericity index 0.72±0.03 0.38±0.02 0.49

3D EF (%) 56.7±1.50 60.2±1.67 0.12

Stroke work index (g/cm2) 46.4±1.78 49.9±1.39 0.13

E/A ratio 1.56±0.07 1.37±0.06 0.046

E’ lateral 8.31±0.69 11.2±1.1 0.063

Strain

GLS -18.4±0.8 -18.5±1.0 0.91

AP4 MAL -17.6±1.26 -22.6±1.20 0.009

AP2 BA -15.1±2.49 -22.8±2.15 0.039

AP3 APA -14.3±1.51 -18.8±1.80 0.07

doi:10.1371/journal.pone.0147074.t002

Table 3. Pearson’s correlation coefficients for clinical characteristics and cardiac biomarkers with a potential effect on echocardiographic param-
eters of LV remodelling in healthy postpartum patients and controls. The postpartum state was negatively associated with 3D ejection fraction, and pos-
itively associated with LV mass index and LVEDVI. LV mass index correlated negatively with MAP and positively with adrenomedullin, hsCRP and sFlt-1.
Adrenomed, adrenomedullin; hsCRP, high sensitivity C-reactive protein; NT-pro-BNP, N-terminal pro-brain natriuretic peptide; PlGF, placental growth factor;
PP state, postpartum state, Flt1, soluble fms-like tyrosine kinase.

LV mass index 3D EF LVEDVI
r P B±SE r P B±SE r P

Age -0.11 0.44 -0.04 0.74 0.09 0.44

Ethnicitiy -0.12 0.41 -0.21 0.12 -0.01 0.91

PP state 0.51 <0.001 12.7±3.4‡ -0.39 <0.01 5.0±1.6† -0.15 0.20

MAP -0.31 0.03 0.05 0.75 -0.04 0.73

Adrenomed 0.45 <0.01 56.1±20.8† -0.31 0.07 -0.06 0.73

hsCRP 0.39 0.02 -0.27 0.12 -0.12 0.45

BNP 0.13 0.45 -0.19 0.29 -0.07 0.69

sFlt1 0.36 0.03 0.007±0.003* -0.30 0.08 -0.14 0.37

PlGF 0.29 0.09 -0.12 0.48 0.13 0.41

sFlt1:PlGF 0.32 0.06 0.13±0.07 -0.29 0.09 -0.29 0.07

*p<0.05
†p<0.01
‡p<0.001

doi:10.1371/journal.pone.0147074.t003
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finding of our study is that LV systolic function is mildly but significantly reduced in healthy
postpartum women as compared to matched non-pregnant controls. A quarter of healthy post-
partum women have an EF<55%, falling into a range that would normally be described as
“mildly impaired” outside the peri-partum period.[17] In addition, healthy post-partum
women also had significantly reduced GLS, a relatively load-independent parameter of systolic
function. The finding of raised E/E’ ratios at the mitral annulus may reflect increased fluid load
rather than true diastolic dysfunction. However, none of the women with reduced EF had any
symptoms or signs of cardiovascular dysfunction, and those with the most markedly reduced
EF who attended for repeat echocardiography 6 months later showed complete normalization
of LV function without the need for any specific therapy. Furthermore, levels of NT-pro-BNP
were not significantly different between healthy postpartum women and controls and there
was no evidence to suggest that these subjects had sub-clinical PPCM. Taken together, these
data suggest that the reduced LV systolic and diastolic function observed in these healthy post-
partum women represent part of the normal adaptive physiological response to pregnancy
rather than a pathological phenomenon.

Our retrospective analysis of patients with PPCM, who had a 3D echocardiogram at the
time of diagnosis, allowed comparison with control and healthy postpartum women. As
expected, patients with PPCM had significantly impaired LV systolic and diastolic function
and increased LV volumes. When compared to healthy postpartum women as a group, how-
ever, these changes were substantially greater in magnitude. Nevertheless, it is of interest that
there was a degree of overlap in EF between healthy postpartum women with the lowest EF val-
ues and PPCM patients. This finding is of particular clinical relevance in the context of making
a diagnosis of PPCM in the early postpartum period. In apparently healthy women without
any cardiovascular symptoms, we concluded that slight reduction in LV systolic function
immediately post-partum was part of the normal physiological adaptation to pregnancy, but
we recognise that this is a somewhat arbitrary classification. It remains possible that some of
the “healthy” women who demonstrated slight reduction in LV function may have had minor
pathological impairment that recovered without specific treatment. This overlap between overt
mild PPCM and apparently normal post-partum LV function is important to bear in mind
when assessing women in the post-partum period. Information on pre-delivery cardiac func-
tion would clearly be valuable in such cases.

We employed 3D echocardiography to quantify LV volumes and EF, a method that corre-
lates well with MRI;[7] to the best of our knowledge, all prior studies on post-partum women
used 2D echocardiography. Previous work on cardiac adaptation during pregnancy reported
either no changes in EF[15] or a small decrease in the last trimester compared to 6 months

Table 4. Independent predictors of LVmass, 3D ejection fraction and LV end-diastolic volume index.
The postpartum state was an independent predictor of 3D ejection fraction. sFlt1 and sFLT1:PlGF were inde-
pendent predictors of LV end-diastolic volume index, and adrenomedullin was an independent predictor of LV
mass index. PlGF, placental growth factor; PP state, postpartum state, Flt1, soluble fms-like tyrosine kinase.

Parameter B±SE P 95% CI

LV mass index

Adrenomedullin 51.7±22.8 0.03 5.17 to 98.2

3D EF

PP state -6.55±2.60 <0.02 -11.9 to -1.2

LVEDV index

sFlt1 0.028±0.009 <0.01 0.007 to 0.046

sFLT1:PlGF -0.059±0.18 <0.01 -0.95 to -0.22

doi:10.1371/journal.pone.0147074.t004
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postpartum,[18] but these studies used the Simpson’s biplane method to estimate EF. The use
of speckle tracking to quantify myocardial deformation provided the advantages of an angle-
independent and relatively load-independent technique. Our finding of reduced GLS in the
healthy postpartum group mirrors previously described changes in the last trimester.[15, 18,
19] This reduction in LV strain is thought to be a consequence of increased LV dimensions,
requiring less shortening to produce the same stroke volume. GLS is reported to normalise at
3–6 months postpartum.[15] The LV sphericity index was significantly increased in postpar-
tum women compared to controls, a change that in a disease setting could suggest pathological
LV remodelling. Previous studies described an eccentric pattern of LV hypertrophy during
pregnancy,[15] but it should be noted that they employed the relative wall thickness/chamber
size method whereas the 3D method makes no assumptions about the shape of the LV.[7] LV
end-diastolic filling pressures were elevated in healthy postpartum women, as reflected by an
increased E/E’ ratio, with a more pronounced change in patients with PPCM.

Maternal ethnicity may influence LV systolic and diastolic function[8] and also influences
the incidence of PPCM.[1] We therefore studied variations amongst the two main ethnic
groups in our population. Values for strain and diastolic function parameters differed some-
what between Afro-Caribbean and Caucasian women. However, both groups showed similar
reductions in LV systolic and diastolic function as compared to matched non-pregnant con-
trols, implying that the basic physiological changes occurring in the early postpartum stage are
not influenced by ethnicity. Of note, ethnicity did not influence the presence of persistent LV
trabeculations in healthy postpartum women in a recent study.[20]

Although there was no difference in NT-pro-BNP between healthy postpartum women and
controls, the postpartum group had significantly higher levels of sFlt1, PlGF, adrenomedullin
and hsCRP. sFlt1 is an anti-angiogenic factor that binds competitively to the pro-angiogenic
placental growth factor (PlGF), and the ratio of sFlt1/PlGF reflects the balance of anti- to pro-
angiogenic factors. This ratio has diagnostic and prognostic value in pre-eclampsia.[21] Fur-
thermore, sFlt1 levels were reportedly raised in women with PPCM compared to controls at 6
weeks postpartum, and this was suggested to be pathogenically important in a mouse model of
the condition.[22] Adrenomedullin is a potent vasodilatory hormone, levels of which are ele-
vated in congestive heart failure.[23] Its levels also rise progressively through pregnancy and
decrease rapidly to non-pregnant levels within 4 days postpartum.[24] In our study, adrenome-
dullin was an independent predictor of LV mass index while sFlt1 and sFLT1:PlGF were inde-
pendent predictors of LV end-diastolic volume index. Since these are biomarkers of
preeclampsia, and pre-eclampsia may increase the risk of PPCM,[25] it is interesting to specu-
late that there may be some overlap in the underlying mechanisms that are responsible for car-
diac remodelling in the “normal” post-partum period and those that drive PPCM. However,
the mechanistic basis for these associations, if any, requires more extensive study. Our finding
of unchanged NT-pro-BNP levels between the postpartum and control group agrees with the
work of Nanno et al,[26] but differs from another report that BNP rises in the first 72 hours
after delivery.[27] Differences in the assays used may account for this discrepancy. It should be
noted, however, that the spread of NT pro-BNP values was greater in the postpartum group
than controls. We measured oxidised LDL levels as a potential readout of increased oxidative
stress associated with pregnancy,[28] but no significant differences were found between healthy
postpartum women and controls. The increase in hs-CRP found in postpartum women is con-
sistent with prior reports of an increase during pregnancy.[29]

In summary, this study identifies the occurrence of a significant physiological reduction in
LV systolic and diastolic function in healthy postpartum women as compared to age- and eth-
nicity-matched controls. Healthy postpartum women also have increased levels of anti-angio-
genic and inflammatory markers in the first 48 hours after delivery. Although patients with
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PPCM had substantially worse LV systolic and diastolic dysfunction, the overlap between
groups in EF indicates that particular care is needed to confidently diagnose mild PPCM is the
early post-partum period. However, healthy postpartum women are expected to show a spon-
taneous increase in EF in the weeks after delivery. It would be important to further explore fac-
tors that can differentiate physiological adaptation from PPCM-induced changes, as has been
demonstrated recently for hypertensive heart failure of pregnancy.[30] It would also be of
value to re-assess strain in patients with PPCM during follow-up visits, in order to evaluate its
potential as a prognostic marker.

Study limitations
Our study had a relatively small sample size although the groups were well matched. Ideally,
the study would have included an additional control group comprised of normal term preg-
nancy. However, it was not possible for logistic reasons to undertake a serial study of changes
in cardiac function and the analyses therefore relied on comparisons between postpartum
women and matched controls. We measured longitudinal strain, as this has been shown to
decrease during pregnancy and normalise postpartum, with radial and circumferential strain
undergoing no significant change.[15] However, the measurement of radial and circumferen-
tial strain, as well as strain rate, might provide additional information on the nature of the LV
remodelling. The group of PPCM patients was a retrospective sample from our institution and
we did not have data available for changes in cardiac biomarkers in this cohort.

Acknowledgments
We thank Professor Roy Sherwood and Ms Tracy Dew for analysis of blood samples, and Sis-
ters Julia DeCourcey and Katherine Martin for help with data collection.

Author Contributions
Conceived and designed the experiments: SK NMWDMMAS. Performed the experiments:
SK SM FJ. Analyzed the data: SK SM NM AS. Contributed reagents/materials/analysis tools:
WDMM.Wrote the paper: SK NM AS.

References
1. Sliwa K, Hilfiker-Kleiner D, Petrie MC, Mebazaa A, Pieske B, Buchmann E, et al. Current state of knowl-

edge on aetiology, diagnosis, management, and therapy of peripartum cardiomyopathy: a position
statement from the Heart Failure Association of the European Society of Cardiology Working Group on
peripartum cardiomyopathy. European journal of heart failure. 2010; 12(8):767–78. doi: 10.1093/eurjhf/
hfq120 PMID: 20675664.

2. Sliwa K, Hilfiker-Kleiner D, Mebazaa A, Petrie MC, Maggioni AP, Regitz-Zagrosek V, et al. EURObser-
vational Research Programme: a worldwide registry on peripartum cardiomyopathy (PPCM) in conjunc-
tion with the Heart Failure Association of the European Society of Cardiology Working Group on
PPCM. European journal of heart failure. 2014; 16(5):583–91. doi: 10.1002/ejhf.68 PMID: 24591060.

3. Hilfiker-Kleiner D, Sliwa K. Pathophysiology and epidemiology of peripartum cardiomyopathy. Nature
reviews Cardiology. 2014; 11(6):364–70. doi: 10.1038/nrcardio.2014.37 PMID: 24686946.

4. Bamfo JE, Kametas NA, Nicolaides KH, Chambers JB. Reference ranges for tissue Doppler measures
of maternal systolic and diastolic left ventricular function. Ultrasound in obstetrics & gynecology: the offi-
cial journal of the International Society of Ultrasound in Obstetrics and Gynecology. 2007; 29(4):414–
20. Epub 2007/03/03. doi: 10.1002/uog.3966 PMID: 17330924.

5. Bamfo JE, Kametas NA, Nicolaides KH, Chambers JB. Maternal left ventricular diastolic and systolic
long-axis function during normal pregnancy. European journal of echocardiography: the journal of the
Working Group on Echocardiography of the European Society of Cardiology. 2007; 8(5):360–8. doi: 10.
1016/j.euje.2006.12.004 PMID: 17321800.

Postpartum Left Ventricular Physiology

PLOS ONE | DOI:10.1371/journal.pone.0147074 February 9, 2016 11 / 13

http://dx.doi.org/10.1093/eurjhf/hfq120
http://dx.doi.org/10.1093/eurjhf/hfq120
http://www.ncbi.nlm.nih.gov/pubmed/20675664
http://dx.doi.org/10.1002/ejhf.68
http://www.ncbi.nlm.nih.gov/pubmed/24591060
http://dx.doi.org/10.1038/nrcardio.2014.37
http://www.ncbi.nlm.nih.gov/pubmed/24686946
http://dx.doi.org/10.1002/uog.3966
http://www.ncbi.nlm.nih.gov/pubmed/17330924
http://dx.doi.org/10.1016/j.euje.2006.12.004
http://dx.doi.org/10.1016/j.euje.2006.12.004
http://www.ncbi.nlm.nih.gov/pubmed/17321800


6. Desai DK, Moodley J, Naidoo DP. Echocardiographic assessment of cardiovascular hemodynamics in
normal pregnancy. Obstetrics and gynecology. 2004; 104(1):20–9. doi: 10.1097/01.AOG.0000128170.
15161.1d PMID: 15228996.

7. Monaghan MJ. Role of real time 3D echocardiography in evaluating the left ventricle. Heart. 2006; 92
(1):131–6. Epub 2005/12/21. doi: 10.1136/hrt.2004.058388 PMID: 16365369; PubMed Central PMCID:
PMC1861009.

8. Lang RM, Badano LP, TsangW, Adams DH, Agricola E, Buck T, et al. EAE/ASE recommendations for
image acquisition and display using three-dimensional echocardiography. European heart journal car-
diovascular Imaging. 2012; 13(1):1–46. doi: 10.1093/ehjci/jer316 PMID: 22275509.

9. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, et al. Recommendations for
the evaluation of left ventricular diastolic function by echocardiography. European journal of echocardi-
ography: the journal of theWorking Group on Echocardiography of the European Society of Cardiology.
2009; 10(2):165–93. doi: 10.1093/ejechocard/jep007 PMID: 19270053.

10. Mannaerts HF, van der Heide JA, KampO, Stoel MG, Twisk J, Visser CA. Early identification of left ven-
tricular remodelling after myocardial infarction, assessed by transthoracic 3D echocardiography. Euro-
pean heart journal. 2004; 25(8):680–7. Epub 2004/04/16. doi: 10.1016/j.ehj.2004.02.030 PMID:
15084373.

11. FeigenbaumH, Mastouri R, Sawada S. A practical approach to using strain echocardiography to evalu-
ate the left ventricle. Circulation journal: official journal of the Japanese Circulation Society. 2012; 76
(7):1550–5. Epub 2012/07/14. PMID: 22789972.

12. Sanghavi M, Rutherford JD. Cardiovascular physiology of pregnancy. Circulation. 2014; 130(12):1003–
8. doi: 10.1161/CIRCULATIONAHA.114.009029 PMID: 25223771.

13. Mabie WC, DiSessa TG, Crocker LG, Sibai BM, Arheart KL. A longitudinal study of cardiac output in
normal human pregnancy. American journal of obstetrics and gynecology. 1994; 170(3):849–56. Epub
1994/03/01. PMID: 8141215.

14. Robson SC, Hunter S, Boys RJ, Dunlop W. Serial study of factors influencing changes in cardiac output
during human pregnancy. The American journal of physiology. 1989; 256(4 Pt 2):H1060–5. Epub 1989/
04/01. PMID: 2705548.

15. Savu O, Jurcut R, Giusca S, van Mieghem T, Gussi I, Popescu BA, et al. Morphological and functional
adaptation of the maternal heart during pregnancy. Circulation Cardiovascular imaging. 2012; 5
(3):289–97. doi: 10.1161/CIRCIMAGING.111.970012 PMID: 22455877.

16. Geva T, Mauer MB, Striker L, Kirshon B, Pivarnik JM. Effects of physiologic load of pregnancy on left
ventricular contractility and remodeling. American heart journal. 1997; 133(1):53–9. Epub 1997/01/01.
PMID: 9006290.

17. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, et al. Recommendations for
chamber quantification. European journal of echocardiography: the journal of theWorking Group on
Echocardiography of the European Society of Cardiology. 2006; 7(2):79–108. Epub 2006/02/07. doi:
10.1016/j.euje.2005.12.014 PMID: 16458610.

18. Estensen ME, Beitnes JO, Grindheim G, Aaberge L, Smiseth OA, Henriksen T, et al. Altered maternal
left ventricular contractility and function during normal pregnancy. Ultrasound in obstetrics & gynecol-
ogy: the official journal of the International Society of Ultrasound in Obstetrics and Gynecology. 2013;
41(6):659–66. Epub 2012/09/25. doi: 10.1002/uog.12296 PMID: 23001841.

19. EstensenME, Beitnes JO, GrindheimG, Aaberge L, Smiseth OA, Henriksen T, et al. Altered left ventric-
ular contractility and function during normal pregnancy. Ultrasound in obstetrics & gynecology: the offi-
cial journal of the International Society of Ultrasound in Obstetrics and Gynecology. 2012. Epub 2012/
09/25. doi: 10.1002/uog.12296 PMID: 23001841.

20. Gati S, Papadakis M, Papamichael ND, Zaidi A, Sheikh N, Reed M, et al. Reversible de novo left ven-
tricular trabeculations in pregnant women: implications for the diagnosis of left ventricular noncompac-
tion in low-risk populations. Circulation. 2014; 130(6):475–83. doi: 10.1161/CIRCULATIONAHA.114.
008554 PMID: 25006201.

21. Verlohren S, Herraiz I, Lapaire O, Schlembach D, Zeisler H, Calda P, et al. New gestational phase-spe-
cific cutoff values for the use of the soluble fms-like tyrosine kinase-1/placental growth factor ratio as a
diagnostic test for preeclampsia. Hypertension. 2014; 63(2):346–52. doi: 10.1161/
HYPERTENSIONAHA.113.01787 PMID: 24166751.

22. Patten IS, Rana S, Shahul S, Rowe GC, Jang C, Liu L, et al. Cardiac angiogenic imbalance leads to
peripartum cardiomyopathy. Nature. 2012; 485(7398):333–8. doi: 10.1038/nature11040 PMID:
22596155; PubMed Central PMCID: PMC3356917.

23. Jougasaki M, Wei CM, McKinley LJ, Burnett JC Jr. Elevation of circulating and ventricular adrenome-
dullin in human congestive heart failure. Circulation. 1995; 92(3):286–9. PMID: 7634439.

Postpartum Left Ventricular Physiology

PLOS ONE | DOI:10.1371/journal.pone.0147074 February 9, 2016 12 / 13

http://dx.doi.org/10.1097/01.AOG.0000128170.15161.1d
http://dx.doi.org/10.1097/01.AOG.0000128170.15161.1d
http://www.ncbi.nlm.nih.gov/pubmed/15228996
http://dx.doi.org/10.1136/hrt.2004.058388
http://www.ncbi.nlm.nih.gov/pubmed/16365369
http://dx.doi.org/10.1093/ehjci/jer316
http://www.ncbi.nlm.nih.gov/pubmed/22275509
http://dx.doi.org/10.1093/ejechocard/jep007
http://www.ncbi.nlm.nih.gov/pubmed/19270053
http://dx.doi.org/10.1016/j.ehj.2004.02.030
http://www.ncbi.nlm.nih.gov/pubmed/15084373
http://www.ncbi.nlm.nih.gov/pubmed/22789972
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.009029
http://www.ncbi.nlm.nih.gov/pubmed/25223771
http://www.ncbi.nlm.nih.gov/pubmed/8141215
http://www.ncbi.nlm.nih.gov/pubmed/2705548
http://dx.doi.org/10.1161/CIRCIMAGING.111.970012
http://www.ncbi.nlm.nih.gov/pubmed/22455877
http://www.ncbi.nlm.nih.gov/pubmed/9006290
http://dx.doi.org/10.1016/j.euje.2005.12.014
http://www.ncbi.nlm.nih.gov/pubmed/16458610
http://dx.doi.org/10.1002/uog.12296
http://www.ncbi.nlm.nih.gov/pubmed/23001841
http://dx.doi.org/10.1002/uog.12296
http://www.ncbi.nlm.nih.gov/pubmed/23001841
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.008554
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.008554
http://www.ncbi.nlm.nih.gov/pubmed/25006201
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01787
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01787
http://www.ncbi.nlm.nih.gov/pubmed/24166751
http://dx.doi.org/10.1038/nature11040
http://www.ncbi.nlm.nih.gov/pubmed/22596155
http://www.ncbi.nlm.nih.gov/pubmed/7634439


24. Minegishi T, Nakamura M, Abe K, Tano M, Andoh A, Yoshida M, et al. Adrenomedullin and atrial natri-
uretic peptide concentrations in normal pregnancy and pre-eclampsia. Molecular human reproduction.
1999; 5(8):767–70. Epub 1999/07/28. PMID: 10421805.

25. Melchiorre K, Sharma R, Thilaganathan B. Cardiovascular implications in preeclampsia: an overview.
Circulation. 2014; 130(8):703–14. doi: 10.1161/CIRCULATIONAHA.113.003664 PMID: 25135127.

26. Nanno H, Sagawa N, Itoh H, Matsumoto T, Terakawa K, Mori T, et al. Nitric oxide metabolite concentra-
tions in maternal plasma decrease during parturition: possible transient down-regulation of nitric oxide
synthesis. Molecular human reproduction. 1998; 4(6):609–16. Epub 1998/07/17. PMID: 9665345.

27. Yoshimura T, Yoshimura M, Yasue H, Ito M, Okamura H, Mukoyama M, et al. Plasma concentration of
atrial natriuretic peptide and brain natriuretic peptide during normal human pregnancy and the postpar-
tum period. The Journal of endocrinology. 1994; 140(3):393–7. PMID: 8182366.

28. Belo L, Caslake M, Santos-Silva A, Castro EM, Pereira-Leite L, Quintanilha A, et al. LDL size, total anti-
oxidant status and oxidised LDL in normal human pregnancy: a longitudinal study. Atherosclerosis.
2004; 177(2):391–9. Epub 2004/11/09. doi: 10.1016/j.atherosclerosis.2004.07.023 PMID: 15530915.

29. Belo L, Santos-Silva A, Rocha S, Caslake M, Cooney J, Pereira-Leite L, et al. Fluctuations in C-reactive
protein concentration and neutrophil activation during normal human pregnancy. European journal of
obstetrics, gynecology, and reproductive biology. 2005; 123(1):46–51. Epub 2005/11/02. doi: 10.1016/
j.ejogrb.2005.02.022 PMID: 16260340.

30. Ntusi NB, Badri M, Gumedze F, Sliwa K, Mayosi BM. Pregnancy-Associated Heart Failure: A Compari-
son of Clinical Presentation and Outcome between Hypertensive Heart Failure of Pregnancy and Idio-
pathic Peripartum Cardiomyopathy. PLoS One. 2015; 10(8):e0133466. doi: 10.1371/journal.pone.
0133466 PMID: 26252951; PubMed Central PMCID: PMC4529210.

Postpartum Left Ventricular Physiology

PLOS ONE | DOI:10.1371/journal.pone.0147074 February 9, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/10421805
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.003664
http://www.ncbi.nlm.nih.gov/pubmed/25135127
http://www.ncbi.nlm.nih.gov/pubmed/9665345
http://www.ncbi.nlm.nih.gov/pubmed/8182366
http://dx.doi.org/10.1016/j.atherosclerosis.2004.07.023
http://www.ncbi.nlm.nih.gov/pubmed/15530915
http://dx.doi.org/10.1016/j.ejogrb.2005.02.022
http://dx.doi.org/10.1016/j.ejogrb.2005.02.022
http://www.ncbi.nlm.nih.gov/pubmed/16260340
http://dx.doi.org/10.1371/journal.pone.0133466
http://dx.doi.org/10.1371/journal.pone.0133466
http://www.ncbi.nlm.nih.gov/pubmed/26252951

