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ABSTRACT

Objectives Most studies during pregnancy have assessed
maternal left ventricular (LV) function by load-dependent
indices, assessing only chamber function. The aim of this
study was to assess afterload-adjusted LV myocardial
and chamber systolic function at 24 weeks’ gestation and
6 months postpartum in high-risk normotensive pregnant
women.

Methods A group of 118 high-risk women with bilateral
notching of the uterine arteries underwent an echocar-
diographic examination to evaluate midwall mechanics
(midwall shortening (mFS%) and stress-corrected midwall
shortening (SCmFS%)) of the LV at 24 weeks’ gestation
and 6 months postpartum. Patients were followed until
delivery and pregnancies were classified retrospectively
as uneventful (uncomplicated outcome) or complicated.
A control group of 54 low-risk women with uneventful
pregnancies without bilateral notching was also enrolled.

Results The pregnancy was uneventful in 74 (62.7%)
women, whereas 44 (37.3%) developed complications.
At 24 weeks’ gestation, mFS% and SCmFS% were
greater in the uncomplicated-outcome compared with
the complicated-outcome group (25.9 ± 4.8 vs 18.8 ±
5.0%, P < 0.001 and 107.9 ± 18.4 vs 77.9 ± 20.7%, P <

0.001, respectively). At 6 months postpartum, SCmFS%
remained greater in the uncomplicated-outcome com-
pared with the complicated-outcome group (100.4 ±
21.6 vs 87.8 ± 19.1, P < 0.05). In the uncomplicated-
outcome group, SCmFS% was higher during pregnancy
than it was postpartum, whereas in the complicated-
outcome group, it was lower during pregnancy than it
was postpartum (P < 0.05).

Conclusions Maternal cardiac midwall mechanics appear
to be enhanced (SCmFS% increased compared with
controls) during pregnancy compared with postpartum in
high-risk patients with uncomplicated pregnancy, whereas
midwall mechanics are depressed both during pregnancy
and postpartum in patients with pregnancy complications.
Copyright  2012 ISUOG. Published by John Wiley &
Sons, Ltd.

INTRODUCTION

Bilateral notching of the uterine arteries has been used
extensively as a screening tool to identify patients at risk
for complications in pregnancy and to predict the later
development of pre-eclampsia, fetal growth restriction
(FGR), placental abruption and stillbirth1–5. Neverthe-
less, this screening test has high negative (97–99%) and
low positive (25–30%) predictive values1–12. Recently,
echocardiography in patients with notching of the uter-
ine arteries has been used to determine maternal left
ventricular (LV) morphological parameters and systemic
vascular resistance (SVR), an index of LV afterload, which
have been found reliable in the identification of pregnan-
cies subsequently developing severe complications13–15.
In fact, patients with bilateral notching of the uter-
ine arteries and subsequent complications might show
altered LV geometry and a hypertrophied heart, even
in the presence of normal blood pressure (BP) levels,
whereas patients with subsequently uncomplicated preg-
nancies mainly show normal geometry of the LV13–15.
Since hypertrophy and geometric alterations of the LV
might influence myocardial function14–17, it seems rea-
sonable to speculate that midwall mechanics might differ
in these two types of patients. Moreover, it is not known if
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normotensive women with uncomplicated pregnancies
have different myocardial performance according to the
presence or absence of bilateral notching of the uterine
arteries.

Most studies during pregnancy have assessed cardiac
function by the most common echocardiographic parame-
ters (including: LV cardiac output (CO, quantity of blood
ejected per min); LV stroke volume (SV, quantity of blood
ejected per beat); LV fractional shortening (FS%, at the
endocardial level, an index of LV chamber function); and
systolic long-axis function), using load-dependent indices
and assessing only LV chamber function14–20. Very little
is known about LV systolic functional indices adjusted for
the afterload (end-systolic stress) and midwall mechanics
during pregnancy21, and no data are available on midwall
mechanics before pregnancy complications or postpartum
in normotensive primigravidae with bilateral notching of
the uterine arteries. We therefore conducted a prospective
study in asymptomatic normotensive high-risk (bilateral
notching of the uterine arteries) nulliparous women to
assess midwall mechanics at 24 weeks’ gestation, and
6 months postpartum, comparing the data with those
of a control group of normotensive nulliparous women
with normal adaptation of the uteroplacental circula-
tion (absence of notching of the uterine arteries) and a
physiological pregnancy.

METHODS

Patient selection

Between 2004 and 2010 we recruited 118 consecutive
white Caucasian asymptomatic nulliparous women with
singleton pregnancies and bilateral notching of the uterine
arteries at 24 weeks’ gestation, referred to the outpatient
clinic of Tor Vergata University. A control group of 54
normotensive nulliparous women with singleton pregnan-
cies and with normal uterine artery Doppler parameters
matched for age and gestational age was also enrolled
during the same period (see supplementary Figure S1).

Inclusion criteria were: 1) normal BP values at enrol-
ment and 6 months after delivery; 2) absence of protein-
uria on routine urinalysis and normal renal and liver
function test on blood chemistry panel (specifically, BUN
(blood urea nitrogen), creatinine and liver enzymes); 3)
estimated fetal weight > 10th percentile; 4) normal fetal
Doppler parameters and amniotic fluid index. Exclu-
sion criteria were: 1) undetermined gestational age; 2)
tobacco use; 3) twin pregnancy; 4) maternal heart dis-
ease; 5) pre-existing maternal chronic medical problem;
6) chromosomal abnormalities and/or fetal abnormali-
ties suspected on ultrasound; 7) use of medication other
than iron supplements; 8) pregnancy achieved by assisted
reproductive techniques. Approval of the local ethics com-
mittee was obtained, as was written informed consent
from all patients.

Patients were followed until term. Gestational hyper-
tension was diagnosed according to the definition of
Davey and MacGillivray22. FGR was diagnosed when

birth weight was < 10th centile for gestational age of the
reference population23 and a cessation or slowing of fetal
growth was present, associated with Doppler indicators of
fetal deterioration (abnormal ductus venosus and umbili-
cal artery flow)15.

Uterine artery ultrasound examination

Uterine artery Doppler examinations were performed
using a Toshiba Xario (Toshiba Medical Systems Corp,
Tochigi, Japan) or Technos Esaote (Esaote Biomedica,
Genova, Italy) ultrasound machine equipped with a 3.5-
MHz sector transducer, with the high pass filter set
at 100 Hz. All patients underwent uterine artery color
Doppler examination at 24 weeks’ gestation as described
previously12,13,24,25. Bilateral notching of the uterine
arteries was noted.

Echocardiographic evaluation

Within 24 hours from the diagnosis of bilateral notch-
ing, M-mode, two-dimensional and Doppler echocardio-
graphic investigation was performed by one of two dif-
ferent operators (G.P.N. and H.V.), to evaluate maternal
hemodynamics including SVR and systolic and morpho-
logic parameters of the LV. The echocardiographic exami-
nations were performed, with the patient in a lateral posi-
tion, using a commercially available echocardiographic
machine (Toshiba Xario or Philips ie33 (Philips, Andover,
MA, USA)), equipped with a 1.8–3.6-MHz transducer in
harmonic imaging mode, according to the recommen-
dation of the American Society of Echocardiography26

as described previously26–28 (see extended echocardio-
graphic method in supplementary Appendix S1). Three
consecutive cardiac cycles were measured, and average
values were obtained.

Hemodynamic parameters

SV and CO were calculated as described pre-
viously13–15,25. At the end of the maternal echocardio-
graphic examination, systolic and diastolic BP (SBP and
DBP, respectively) were measured using a mercury sphyg-
momanometer with the woman in a seated position, with
her arm at heart level and her feet supported or on the
ground. Korotkoff phase V was used for the determina-
tion of DBP. SVR was calculated in dynes × s/cm5 as
described previously (Appendix S1).

Parameters of left ventricular (LV) systolic performance

FS% and circumferential end-systolic stress (cESS, an
index of LV afterload) at the midwall were calculated
from the M-mode measurements (Appendix S1).

Midwall mechanics were evaluated as described by
Mayet et al.29 and de Simone et al.30–32, both as an
absolute value of midwall shortening (mFS%, an index
of LV afterload) and as a percentage (stress corrected,
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SCmFS%, an index of midwall mechanics adjusted for
LV afterload) of the value predicted (expected mFS%)
from the corresponding cESS (Appendix S1). To calculate
the expected mFS%, a regression equation was developed
from the data of the 54 controls at 6 months postpartum
(supplementary Figure S2).

Outcomes

Patients with notching of the uterine arteries were clas-
sified retrospectively as having uncomplicated or com-
plicated outcome (see supplementary Figure S1). The
gestation was followed until term by an investigator
who was blinded to the results of maternal echocar-
diography, and pregnancy was classified as complicated
when one or more of the following adverse mater-
nal, fetal and neonatal outcomes occurred: severe ges-
tational hypertension (SBP > 160 mmHg and/or DBP
> 110 mmHg)33 with preterm delivery < 34 weeks; pre-
eclampsia (proteinuria > 300 mg/24 h associated with
gestational hypertension)34; placental abruption; other
maternal complications (thrombocytopenia, elevated liver
enzymes, HELLP syndrome, coagulation abnormalities);
FGR; admission to neonatal intensive care unit due to
fetal distress; perinatal death.

Postpartum follow-up

All patients underwent a clinical and an echocardio-
graphic examination 6 months after delivery, performed
by two operators (G.P.N. and H.V.) who were blinded
to the outcome of pregnancy, in order to assess maternal
SVR and LV functional and morphologic parameters.

Statistical analysis

Values are expressed as mean ± SD. Comparisons among
groups were performed using one-way ANOVA with
Student-Newman Keuls correction for multiple compar-
isons, whereas the intragroup comparison between preg-
nancy and postpartum data was performed using ANOVA
for repeated measurements. The Mann–Whitney U-test
was used for non-normally distributed data.

Since previous reports have shown LV relative wall
thickness (RWT, ratio between diastolic wall thickness

and LV diameter) and SVR to be independent predic-
tors of complications in pregnancy14,15, we tested the
predictive power of FS%, mFS% and SCmFS% along
with RWT and SVR. DBP and mean BP (MBP) were
included in the univariate and stepwise logistic regression
analysis, as increased BP is known to increase the risk
of adverse outcome as well as to impair cardiac func-
tion. Receiver–operating characteristics (ROC) curves
were constructed to find the cut-off value for the pre-
diction of subsequent pregnancy complications for the
following parameters at 24 weeks’ gestation: SVR, FS%,
mFS%, SCmFS%, SBP and MBP. The parameters were
dichotomized according to the cut-off value found on
ROC curve analysis, and univariate and multivariate step-
wise regression logistic analysis was performed to identify
independent predictors of complications.

Inter- and intraobserver variability of the echocar-
diographic measurements are reported in supplementary
Appendix S2.

RESULTS

The main features at enrolment of the 54 controls and
the 118 patients with bilateral notching of the uterine
arteries who comprised the study population, divided
according to uncomplicated (n = 74) or complicated
(n = 44) outcome, are reported in Table 1. Maternal age
was not significantly different between the controls and
the patients with notching (32 ± 5 vs 33 ± 5 years), but
was slightly higher in those with complicated outcome.
Gestational age at delivery and birth-weight percentile
were lower in the complicated pregnancies compared
with the uncomplicated ones and with controls. Forty-
four of 118 (37.3%) patients developed maternal and/or
fetal complications (supplementary Table S1).

Hemodynamic and left ventricular morphological
parameters

Table 2 shows the main hemodynamic and LV morpho-
logical features in controls and patients with uncompli-
cated and complicated outcome at 24 weeks’ gestation
and 6 months postpartum. In the intergroup comparison
at 24 weeks, patients with complicated outcome showed,
among other differences, higher SVR and RWT and lower

Table 1 Main characteristics of pregnancies in 118 high-risk women with bilateral notching of the uterine arteries with uncomplicated or
complicated outcome and in 54 controls with normal uterine artery Doppler and normal pregnancy

Characteristic
Controls
(n = 54)

Uncomplicated outcome
(n = 74)

Complicated outcome
(n = 44) P*

Maternal age (years) 32 ± 5 31 ± 5 34 ± 3 < 0.05
Maternal height (m) 1.64 ± 0.05 1.65 ± 0.07 1.63 ± 0.06 NS
Maternal prepregnancy BMI (kg/m2) 23 ± 3 24 ± 2 24 ± 2 NS
GA at delivery (weeks) 39 ± 1 38 ± 1 33 ± 4 < 0.05
Birth-weight centile 43 ± 23 44 ± 21 18 ± 4 < 0.05

Data are given as mean ± SD. *Complicated outcome vs controls and vs uncomplicated outcome. BMI, body mass index; GA, gestational
age; NS, not significant.
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Table 2 Main hemodynamic and echocardiographic features at 24 weeks’ gestation and 6 months postpartum in 118 high-risk women with
bilateral notching of the uterine arteries and uncomplicated or complicated outcome and in 54 controls with normal uterine artery Doppler
and normal development of pregnancy

Parameter Controls P† Uncomplicated outcome P‡ Complicated outcome P§
(n = 54) (n = 74) (n = 44)

24 weeks’ gestation
Heart rate (bpm) 84 ± 11 NS 83 ± 12 < 0.01 75 ± 15 < 0.01
Systolic BP (mmHg) 115 ± 11 NS 116 ± 10 NS 116 ± 17 NS
Diastolic BP (mmHg) 61 ± 9 NS 62 ± 9 < 0.001 68 ± 11 < 0.001
MBP (mmHg) 79 ± 7 NS 80 ± 7 < 0.01 85 ± 10 < 0.01
LVDd (cm) 4.91 ± 0.35 NS 4.90 ± 0.37 < 0.001 4.57 ± 0.31 < 0.001
LVDs (cm) 2.78 ± 0.41 NS 2.76 ± 0.41 NS 2.85 ± 0.36 NS
IVSd (cm) 0.80 ± 0.11 NS 0.79 ± 0.11 < 0.001 0.91 ± 0.12 < 0.001
PWd (cm) 0.76 ± 0.12 NS 0.76 ± 0.12 < 0.001 0.87 ± 0.13 < 0.001
PWs (cm) 1.51 ± 0.15 NS 1.44 ± 0.12 < 0.001 1.58 ± 0.25 < 0.001
LVMi (g/m2.7) 34 ± 8 NS 33 ± 8 < 0.05 37 ± 9 NS
RWT 0.32 ± 0.06 NS 0.32 ± 0.06 < 0.001 0.39 ± 0.05 < 0.001
EF (%) (biplane Simpson) 66 ± 8 NS 68 ± 9 < 0.05 62 ± 4 < 0.05
Stroke volume (mL) 83 ± 13 NS 82 ± 14 < 0.001 66 ± 11 < 0.001
Cardiac output (L/min) 6.86 ± 1.01 NS 6.81 ± 1.23 < 0.001 4.96 ± 1.49 < 0.001
SVR (dynes × s/cm5) 945 ± 168 NS 964 ± 192 < 0.001 1463 ± 363 < 0.001

6 months postpartum
Heart rate (bpm) 72 ± 8*** NS 73 ± 8*** NS 71 ± 11 NS
Systolic BP (mmHg) 120 ± 11* NS 117 ± 12 NS 122 ± 10 NS
Diastolic BP (mmHg) 66 ± 11* NS 64 ± 12 < 0.05 71 ± 13 < 0.05
MBP (mmHg) 84 ± 9** NS 82 ± 10 < 0.01 88 ± 10 < 0.01
LVDd (cm) 4.56 ± 0.23*** NS 4.55 ± 0.23*** NS 4.59 ± 0.31 NS
LVDs (cm) 2.65 ± 0.21* NS 2.62 ± 0.26* NS 2.66 ± 0.28* NS
IVSd (cm) 0.72 ± 0.10*** NS 0.73 ± 0.10*** < 0.01 0.78 ± 0.10*** < 0.01
PWd (cm) 0.67 ± 0.12*** NS 0.67 ± 0.12*** < 0.001 0.76 ± 0.11*** < 0.001
PWs (cm) 1.33 ± 0.08*** < 0.001 1.37 ± 0.10*** < 0.001 1.54 ± 0.15 < 0.001
LVMi (g/m2.7) 26 ± 6*** NS 26 ± 6*** < 0.001 30 ± 7*** < 0.001
RWT 0.30 ± 0.05 NS 0.31 ± 0.05 < 0.05 0.34 ± 0.06*** < 0.05
EF (%) (biplane Simpson) 65 ± 8 NS 64 ± 8 NS 65 ± 7 NS
Stroke volume (mL) 71 ± 9*** NS 71 ± 8*** NS 71 ± 13* NS
Cardiac output (L/min) 5.13 ± 0.77 NS 5.17 ± 0.75*** NS 5.07 ± 1.32 NS
SVR (dynes × s/cm5) 1334 ± 242*** NS 1297 ± 261*** < 0.05 1449 ± 299 < 0.05

Data given as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 for intragroup comparison (24 weeks vs 6 months postpartum).
†Controls vs uncomplicated outcome. ‡Uncomplicated outcome vs complicated outcome. §Controls vs complicated outcome. BP, blood
pressure; EF%, ejection fraction of the left ventricle, percentage of reduction of the left ventricular volume from diastole to systole; IVSd,
interventricular septal thickness in diastole from M-mode tracing; LVDd, left ventricular end-diastolic diameter from M-mode tracing;
LVDs, left ventricular end-systolic diameter from M-mode tracing; LVMi, left ventricular mass index; MBP, mean blood pressure; PWd, left
ventricular posterior wall thickness in diastole from M-mode tracing; PWs, left ventricular posterior wall thickness in systole from M-mode
tracing; RWT, relative wall thickness of the left ventricle, ratio between the diastolic wall thickness and the left ventricular diameter; SVR,
systemic vascular resistance, index of left ventricular afterload.

CO, SV and HR compared to patients with uncomplicated
outcome and to controls. The intergroup comparison
6 months postpartum showed, among other differences,
that LVMi, DBP and MBP were higher in the complicated
compared to the uncomplicated outcome group and the
controls; SVR was slightly higher.

The intragroup comparison in the controls and in
the uncomplicated outcome group found, among other
differences, lower SVR and higher CO, SV, LVMi and
HR at 24 weeks compared with 6 months postpartum. In
the complicated outcome group, LVMi was greater and
SV lower at 24 weeks’ gestation compared with 6 months
postpartum.

Parameters of left ventricular systolic performance

The parameters of LV systolic performance are shown in
Table 3. The intergroup comparison at 24 weeks showed

that the patients with complicated outcome had lower
FS%, mFS% and SCmFS% compared to the patients with
uncomplicated outcome and to controls. In particular, at
24 weeks’ gestation mean SCmFS% was 22.5% lower in
those with complicated outcome compared to controls
and 30% lower compared to patients with uncompli-
cated outcome. The patients with uncomplicated outcome
had significantly higher SCmFS% (+7.5%) compared to
controls. At 6 months postpartum the patients with com-
plicated outcome had lower cESS and SCmFS% compared
to patients with uncomplicated outcome and to controls.

The intragroup comparison showed that controls had
a lower cESS at 24 weeks’ gestation compared with
postpartum, whereas FS%, mFS% and SCmFS% were
unchanged. Patients with uncomplicated outcome had
a higher SCmFS% at 24 weeks’ gestation compared with
6 months postpartum (+7.5%). Patients with complicated
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Table 3 Main left ventricular chamber function and midwall mechanics at 24 weeks’ gestation and 6 months postpartum in 118 high-risk
women with bilateral notching of the uterine arteries and uncomplicated or complicated outcome and in 54 controls with normal uterine
artery Doppler and normal development of pregnancy

Parameter Controls P† Uncomplicated outcome P‡ Complicated outcome P§
(n = 54) (n = 74) (n = 44)

24 weeks’ gestation
FS% 43.6 ± 6.1 NS 43.8 ± 6.1 < 0.001 37.6 ± 6.4 < 0.001
mFS% 24.6 ± 4.8 NS 25.9 ± 4.8 < 0.001 18.8 ± 5.0 < 0.001
cESS (dynes/m2) 98 ± 22 NS 102 ± 22 NS 102 ± 28 NS
Expected mFS% 24.6 ± 2.3 NS 24.1 ± 2.3 NS 24.3 ± 3.1 NS
SCmFS% 100.4 ± 18.5 < 0.001 107.9 ± 18.4 < 0.001 77.9 ± 20.7 < 0.001

6 months postpartum
FS% 41.8 ± 4.7 NS 42.4 ± 6.0 NS 42.2 ± 4.8*** NS
mFS% 23.4 ± 4.4 NS 23.9 ± 5.7** NS 21.6 ± 4.6** NS
cESS (dynes/m2) 108 ± 16** NS 104 ± 17 < 0.01 96 ± 15 < 0.01
Expected mFS% 23.4 ± 1.7** NS 23.8 ± 1.8 < 0.01 24.7 ± 1.7 < 0.01
SCmFS% 100.0 ± 17.7 NS 100.4 ± 21.6** < 0.05 87.8 ± 19.1* < 0.05

Data given as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 for intragroup comparison (24 weeks vs 6 months postpartum).
†Controls vs uncomplicated outcome. ‡Uncomplicated outcome vs complicated outcome. §Controls vs complicated outcome. cESS,
circumferential end-systolic stress of left ventricle (LV) (index of LV afterload); FS%, fractional shortening of LV at endocardial level (index
of LV chamber function); Expected mFS%, expected midwall fractional shortening from corresponding cESS; mFS%, midwall fractional
shortening at midwall level (index of midwall mechanics of LV); SCmFS%, stress-corrected midwall fractional shortening (index of midwall
mechanics adjusted for afterload of LV).

Table 4 Cut-off values identified by receiver–operating
characteristics curves for prediction of subsequent pregnancy
complications in 118 high-risk women with bilateral notching of
the uterine arteries

Cut-off
Sensitivity

(%)
Specificity

(%)

Diastolic blood pressure > 60 mmHg 65.9 59.5
Mean blood pressure > 86.7 mmHg 45.5 89.2
Fractional shortening ≤ 40% 70.5 75.7
Midwall fractional shortening ≤ 22% 79.5 77.0
Stress-corrected midwall fractional

shortening ≤ 95%
86.4 75.7

Relative wall thickness > 0.36 75.0 82.4
Systemic vascular resistance > 1349

dynes × s/cm5
81.8 97.3

outcome had a lower FS%, mFS% and SCmFS% at
24 weeks’ gestation vs 6 months postpartum.

Predictors of complications

The cut-off values identified by the ROC curves for the
prediction of subsequent pregnancy complications are
presented in Table 4, while Table 5 shows univariate and
multivariate stepwise logistic regression analysis for the
prediction of pregnancy complications for these cut-offs
in the 118 patients with bilateral notching of the uterine
arteries. SCmFS% appears to be an independent predictor
of complications along with DBP, SVR and RWT.

DISCUSSION

This study suggests that, at 24 weeks’ gestation, nor-
motensive women have three different midwall mechanics
patterns according to the subsequent development of

Table 5 Univariate and multivariate stepwise binary logistic
regression analysis for prediction of complications in 118 high-risk
women with bilateral notching of the uterine arteries

Variable Odds ratio (95% CI)

Univariate binary logistic regression analysis
Diastolic blood pressure > 60 mmHg 0.6 (0.2–1.4)
Mean blood pressure > 86.7 mmHg 3.9 (1.7–9.1)*
Fractional shortening ≤ 40% 7.4 (3.2–17.4)*
Midwall fractional shortening ≤ 22% 13.0 (5.2–32.4)*
Stress-corrected midwall fractional 19.7 (7.2–54.2)*

shortening ≤ 95%
Relative wall thickness > 0.36 14.1 (5.7–34.9)*
Systemic vascular resistance > 1349 162.0 (32.7–802.7)*

dynes × s/cm5

Stepwise binary logistic regression analysis
Diastolic blood pressure > 60 mmHg 8.1 (1.1–62.7)*
Stress-corrected midwall fractional 7.6 (1.3–44.5)*

shortening ≤ 95%
Relative wall thickness > 0.36 24.9 (3.7–169.9)*
Systemic vascular resistance > 1349 264.0 (22.0–3173.9)*

dynes × s/cm5

*P < 0.05.

pregnancy and uterine artery flow characteristics (see
supplementary Figure S3):

1) myocardial function is impaired (SCmFS%, −22.5%
vs controls) in patients with bilateral notching of
the uterine arteries and a complicated outcome of
pregnancy;

2) myocardial function is enhanced (SCmFS%, +7.5%
vs controls) in patients with bilateral notching of
the uterine arteries and an uncomplicated outcome
of pregnancy;

3) myocardial function is unchanged compared with
postpartum in women with a normal uterine artery
Doppler flow pattern and normal pregnancy.
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Patients with a complicated outcome of pregnancy still
had depressed myocardial function 6 months postpartum
(SCmFS% −12.2% vs controls and −12.6% vs patients
with uncomplicated outcome).

A limitation of our study is related to the incomplete
echocardiographic assessment, lacking investigation of LV
diastolic chamber and longitudinal systolic function.

Hemodynamic and left ventricular morphological
parameters

This study confirms previous observations15 showing that,
at 24 weeks’ gestation, normotensive women who develop
complications later in pregnancy have a more concen-
tric shape of the LV (higher LVMi and RWT) and a
substantially different hemodynamic pattern (higher SVR
and lower CO, SV and HR) compared to normotensive
women with an uncomplicated outcome. These hemody-
namic and LV morphological characteristics of women
who developed complications are also consistent with a
volume underload, described previously in gestational
hypertensive women who develop complications14,25.
This volume underload might explain why patients with
a complicated outcome show smaller LV dimensions and
lower SV compared with women with a normal evolution
of pregnancy.

Interestingly, in women with subsequent complications,
the differences in the hemodynamics (higher SVR, DBP
and MBP) and the LV geometry (higher LVMi and RWT)
persist 6 months postpartum vs controls and women with
an uncomplicated outcome.

LV systolic performance

The novel findings of this study are related to mid-
wall mechanics. The patients with complicated outcome
had depressed myocardial performance both prior to the
development of complications (lower FS%, mFS% and
SCmFS%) and postpartum (lower cESS and SCmFS%)
compared to patients with uncomplicated outcome and to
controls. At 24 weeks’ gestation, the midwall mechanics
(SCmFS%) were lower in patients with complicated out-
come, by about 23% compared to controls and about
30% compared to patients with uncomplicated out-
come. The impairment of midwall mechanics might be
explained in part by the relationships existing between
hemodynamic parameters and midwall mechanics. Pre-
vious reports have shown that the more hypertrophied
is the ventricle, the more depressed is the myocardial
function29,35,36, whereas a reduction of SVR enhances
midwall mechanics37. Since the group of patients with
subsequent complications showed a hypertrophied ven-
tricle and high SVR (which remained unchanged post-
partum), the overall effect will have been determined by
the increased LV mass not being balanced by a reduction
of SVR, resulting in a reduction of midwall mechanics
during pregnancy. These findings also suggest that LV
remodelling, as indicated by the increased RWT, dur-
ing complicated pregnancy is not sufficient to maintain
normal LV mechanics.

In controls (absence of bilateral notching of the
uterine arteries) at 24 weeks’ gestation, the equilibrium
reached by the reduction of SVR and the increment of
LVMi maintained midwall mechanics so that they were
unchanged postpartum.

In contrast, in patients with bilateral notching of the
uterine arteries and uncomplicated pregnancy, myocardial
function was surprisingly enhanced (increased SCmFS%)
during pregnancy, both compared with controls and rela-
tive to postpartum findings. This is interesting and difficult
to explain. In these patients, myocardial mass, LV wall
thickness and peripheral resistance did not differ from
those of controls, while SCmFS% was higher than that of
controls by about 7%. We hypothesize that in these
patients with impaired placentation (indicated by the
notching of the uterine artery waveform), the enhance-
ment of myocardial function might be crucial to maintain
normal hemodynamic parameters (SVR) and, therefore,
to an uncomplicated outcome of pregnancy.

Predictors of complications

Previous reports14,15,25 have highlighted the importance of
hemodynamic and morphological aspects of the maternal
heart in predicting complications. Our study shows that,
along with SVR and RWT, impaired midwall mechanics
(SCmFS% ≤ 95%) also have a role to play in the predic-
tion of complications. The development of complications
is therefore caused by a global impairment of the mater-
nal cardiovascular system, involving LV morphological,
mechanical and hemodynamic aspects.

In the patients with complicated outcome, by 6 months
postpartum the chamber function (FS%) had returned
to normal levels and midwall mechanics (mFS% and
SCmFS%) had increased (probably due to the reduction
of RWT and LVMi), but remained lower compared to
women with an uncomplicated outcome of pregnancy
and to controls. This behavior of midwall mechanics
is probably linked to the higher LV mass and wall
thickness still present at 6 months postpartum compared
to controls and to the uncomplicated outcome group.
This difference between LV chamber function and
midwall mechanics highlights a persisting subclinical
impairment of systolic function after pregnancy. The
question that arises is whether the impairment of
midwall mechanics after a complicated pregnancy is
pregestational or a memory of the cardiovascular
maladaptation during the pregnancy. Although we
cannot answer this question, requiring pregestational
studies and long-term follow-up, we might consider,
as elements for future discussion and research, that:
a) pregnancy is a stress test for the cardiovascular
system; and b) patients with hypertensive complications
during pregnancy might show persisting differences
in cardiac function many years after recovery from
pre-eclampsia38 and are at increased risk for future
cardiovascular events39,40. It is possible that pregnancy
reveals a pregestational predisposition to cardiovascular
disease.
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Conclusion

The importance of studying LV midwall mechanics
resides in their ability to identify patients with sub-
clinical impaired cardiac function. In fact, LV diastolic
abnormalities are predicted by LV midwall dysfunction
but not by LV systolic chamber function41,42. This study
highlights the role of midwall mechanics during preg-
nancy.

In particular, we found that at 24 weeks’ gestation,
midwall mechanics are impaired in normotensive patients
who develop pregnancy complications, in the presence
of normal BP values and prior to the development
of complications. This impairment persists at 6 months
postpartum. The implications of the persisting alteration
of midwall mechanics after pregnancy might change the
preventive approach to cardiovascular events later in these
women’s lives.
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Figure S1 Flow chart summarizing enrolment of patients.
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6 months postpartum in the 54 controls and the corresponding equation for calculation of expected mFS.

Figure S3 Flow chart summarizing myocardial function in the study groups according to outcome of
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Appendix S1 Detailed description of echocardiographic method.

Appendix S2 Inter- and intraobserver variability of the echocardiographic measurements.

Table S1 Main maternal and fetal/neonatal complications that subsequently developed in 118 patients with
bilateral notching of the uterine arteries.
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