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Assessment of ventricular contractility in fetuses with
an estimated fetal weight less than the tenth centile

Greggory R. DeVore, MD; Diane L. Gumina, MS; John C. Hobbins, MD

OBJECTIVE: To determine whether abnormal global, transverse, and transverse contractility 40% (20/50); and longitudinal contractility 40%
longitudinal ventricular contractility of the heart in fetuses with an esti-

mated fetal weight <10th centile is present, irrespective of Doppler

studies of the umbilical artery and cerebroplacental ratio.

STUDY DESIGN: This was a retrospective study of 50 fetuses with an
estimated fetal weight <10th centile that were classified based on

Doppler results from the pulsatility indices of the umbilical artery and

middle cerebral artery, and the calculated cerebroplacental ratio (pulsa-

tility indices of the umbilical artery/middle cerebral artery). Right and left

ventricular measurements were categorized into 3 groups: (1) global

ventricular contractility (fractional area change), (2) transverse ventricular

contractility (24-segment transverse fractional shortening), and (3)

basaleapical longitudinal contractility (longitudinal strain, longitudinal

displacement fractional shortening, and basal lateral and septal wall

annular plane systolic excursion). Z scores for the above measurements

were computed for fetuses with an estimated fetal weight <10th centile

using the mean and standard deviation derived from normal controls.

Ventricular contractility measurements were considered abnormal if their Z

score values were <5th centile (z score <e1.65) or >95th centile (Z

score >1.65), depending on the specific ventricular measurement.

RESULTS: The average gestational age at the time of the examination
was 32 weeks 4 days (standard deviation 3 weeks 4 days). None of the 50

study fetuses demonstrated absent or reverse flow of the umbilical artery

Doppler waveform. Eighty-eight percent (44/50) of fetuses had one or

more abnormal measurements of cardiac contractility of 1 or both ven-

tricles. Analysis of right ventricular contractility demonstrated 78% (39/50)

to have 1 or more abnormal measurements, which were grouped as

follows: global contractility 38% (19/50), transverse contractility 66% (33/

50); and longitudinal contractility 48% (24/50). Analysis of left ventricular

contractility demonstrated 1 or more abnormal measurements in 58% (29/

50) that were grouped as follows: global contractility 38% (19/50);
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(20/50). Of the 50 study fetuses, 25 had normal pulsatility index of the

umbilical artery and cerebroplacental ratios, 80% of whom had 1 or more

abnormalities of right ventricular contractility and 56% of whom had 1 or

more abnormalities of left ventricular contractility. Abnormal ventricular

contractility for these fetuses was present in all 3 groups of measure-

ments; global, transverse, and longitudinal. Those with an isolated

abnormal pulsatility index of the umbilical artery (n¼11) had abnormalities

of transverse contractility of the right ventricular and global contractility in

the left ventricle. When an isolated cerebroplacental ratio abnormality was

present, the right ventricle demonstrated abnormal global, transverse, and

longitudinal contractility, with the left ventricle only demonstrating ab-

normalities in transverse contractility. When both the pulsatility index of the

umbilical artery and cerebroplacental ratio were abnormal (3/50), trans-

verse and longitudinal contractility measurements were abnormal for both

ventricles, as well as abnormal global contractility of the left ventricle.

CONCLUSIONS: High rates of abnormal ventricular contractility were

present in fetuses with an estimated fetal weight<10th centile, irrespective

of the Doppler findings of the pulsatility index of the umbilical artery, and/or

cerebroplacental ratio. Abnormalities of ventricular contractility were more

prevalent in transverse measurements than global or longitudinal mea-

surements. Abnormal transverse contractility was more common in the right

than the left ventricle. Fetuses with estimated fetal weight less than the 10th

centile may be considered to undergo assessment of ventricular contractility,

even when Doppler measurements of the pulsatility index of the umbilical

artery, and cerebroplacental ratio are normal.

Key words: cerebroplacental ratio, fetal growth restriction, fetal heart,
fractional area change, intrauterine growth restriction, middle cerebral

artery Doppler, small for gestational age, speckle tracking, strain, um-

bilical artery Doppler
etuses with an estimated fetal
F weight (EFW)<10th centile may be
at increased risk for neonatal and
long-term cardiovascular and non-
cardiovascular outcomes, depending on
associated findings.1e6 Investigators
have used various growth curves,7e13
examined sequential growth rates,14,15

evaluated the placenta for pathologic
changes,16,17 and measured Doppler
waveforms of the ductus venosus pulsa-
tility index, pulsatility indices of the
umbilical artery (UAPI) and middle ce-
rebral artery (MCAPI), and the calcu-
lated cerebroplacental ratio (CPR), to
further differentiate risk assessment for
these fetuses.18e23 In addition to evalu-
ating fetal somatic growth and periph-
eral vessel blood flow, previous studies
have examined various components of
cardiac diastolic and systolic function
using M-mode and pulsed Doppler
ultrasound.3,4,24e27
Most studies involving assessment
of cardiac function have reported dif-
ferences in mean values between
control and small for gestational age
(SGA), as well as those with fetal
growth restriction (FGR) but have not
established thresholds (ie, <5th centile
or >95th centile) for classification of
such findings when an at-risk fetus is
examined.3,4,24 Recently, depending on
the software used for analysis, M-
mode and pulsed Doppler ultrasound
measurements have primarily focused
on basaleapical longitudinal contrac-
tility of the ventricles, with little
attention to global and transverse
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AJOG at a Glance

Why was this study conducted?
This study was conducted to determine whether abnormal global, transverse, and
longitudinal contractility of the right and left ventricles of the heart were present
in fetuses with an estimated fetal weight less than the 10th centile.

Key findings
Irrespective of whether the Doppler changes of the umbilical artery pulsatility
index and the cerebroplacental ratio were normal or abnormal, there was a
significantly greater prevalence of abnormal right and left ventricular contractility
in fetuses with an estimated fetal weight <10th centile when compared to
controls.

What does this add to what is known?
This study demonstrated abnormal ventricular contractility, which has not been
previously reported in fetuses with an estimated fetal weight less than the tenth
percentile.
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contractility.24,25,27 The reason for this
has been the result of the necessity to
the orient the 4-chamber view with
the apex at 12 or 6 o’clock so that M-
mode and pulsed Doppler analysis
could record movement of the ven-
tricular walls parallel to the ultra-
sound beam for maximal accuracy.

The purpose of this study was to
simultaneously measure global, trans-
verse, and longitudinal contractility of
the right ventricle (RV) and left
ventricle (LV) using speckle tracking
analysis of the 4-chamber view, which
is independent of the position of the
fetal heart in utero, in fetuses with an
EFW <10th centile.28e33 The advan-
tages of speckle tracking software is
that it automatically tracks the move-
ment and position of the ventricular
endocardium during systole and dias-
tole and provides the following bene-
fits: (1) multiple cardiovascular
measurements of ventricular contrac-
tility are simultaneously computed
from 1 analysis28e33; (2) the analysis,
which only requires a digital clip of the
4-chamber view, takes less than 4 mi-
nutes to perform; (3) the measure-
ments are not dependent on the apex
of the heart to be at 12 or 6 o’clock, as
is required for some M-mode and all
pulsed Doppler measurements of ven-
tricular function; (4) equations for the
mean and standard deviation (SD)
derived from normal fetuses (20e40
weeks of gestation) are available that
can be used to compute Z scores and
their corresponding centiles for all
cardiac measurements for an at-risk
fetus; and (5) the analysis is now
available for clinical investigation.

Materials and Methods
Study group: fetuses with an
estimated fetal weight <10th
centile
This was a retrospective study of 50
patients from 25 to 37 weeks of
gestation from the University of Col-
orado outpatient center whose fetuses
had an EFW <10th centile and were
examined serially during the third
trimester of pregnancy. All patients
signed a consent form to participate in
the study, which was approved by the
Colorado Multiple Institutional Review
Board (IRB number 14-1360, date of
approval Mar. 16, 2018). The last ul-
trasound examination before delivery
was used for the analysis. The EFW
was calculated using the Hadlock
equation, which included measure-
ments of the biparietal diameter, head
circumference, abdominal circumfer-
ence, and femur length.34 Exclusion
criteria included a maternal age <18
years and any fetus with genetic or
NOVEMBER 2019 Ameri
structural anomalies. The UAPI and
MCAPI were measured, followed by
computation of the CPR.22,35

Doppler measurements of the
umbilical artery and the CPR in the
study group
Using data from a previous study, we
used themean and SD values to compute
the Z scores and centiles for the UAPI
and CPR for the study group (Equations
1 and 2).35

Equation (1)

Z score ¼ ðMeasurement EFW <10thÞ
eMean control group

�
SDcontrol group

Equation (2)

Z� score centile ¼ Normsdist

ðZ Score ValueÞ

Because multiple thresholds have
been reported for UAPI and CPR,22 the
current study used a CPR <10th centile
and UAPI >90th centile to identify at-
risk fetuses.

Ultrasound image acquisition of the
4-chamber view in fetuses with an
EFW <10th centile
Two-dimensional images of the 4-
chamber view were obtained using the
Voluson E10 system (GE Healthcare,
Milwaukee, WI). Images were opti-
mized to enhance the borders between
the blood pool and endocardium and
were not dependent on the position of
the apex of the heart to be at 12 or 6
o’clock. Three- to ten-second cine clips
of the 4-chamber view were stored as
Digital Imaging and Communications
in Medicine (DICOM) files and
exported to an offline cloud database.
The DICOM images subsequently were
downloaded for offline analysis by one
of the authors (G.R.D.), The DICOM
image frame rate was equivalent to the
frame rate acquisition at the time of the
examination.
can Journal of Obstetrics & Gynecology 498.e2
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TABLE 1
Right and left ventricular measurements and equations derived from speckle tracking analysis

Ventricular measurements Equations Abnormal values
Previously published
intraobserver variability36-39

Right and left global contractility

Fractional area change (Figure 1, B)38 {[(end-diastolic area e end systolic
area)/end-diastolic area] � 100}

<5th centile 0.93 to 0.93 to 0.94

Right and left transverse contractility

24-segment transverse fractional
shortening (Figure 1, C)37

{[(end-diastolic width e end-systolic
width)/end-diastolic width] � 100}

<5th centile 0.82 to 0.97

Right and left longitudinal contractility

Longitudinal strain (Figure 1, D) 36 {[(end-systolic endocardial length e
end-diastolic endocardial length)/end-
diastolic endocardial length] � 100}
(Figure 1, C)

>95th centile 0.93 to 0.94

Longitudinal displacement fractional
shortening (Figure 1, E)36

{[(mid-chamber end-diastolic length e
mid chamber end-systolic length)/mid
chamber end-diastolic length] e 100}
(Figure 1, D)

<5th centile 0.93 to 0.94

Basal lateral and septal wall annular
plane systolic excursion (Figure 1, F)39

(end-diastolic length e end-systolic
length) (Figure 1, E)

<5th centile 0.97

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019.
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Analysis of the RV and LV using
speckle-tracking software in
fetuses with an EFW <10th centile
Two-dimensional images of the 4-
chamber view stored in the DICOM
format were imported into an offline
cardiac software program for analysis
(2D Cardiac Performance) developed
by TomTec Imaging Systems, Gmbh
(Munich, Germany). As previously
described, an M-mode derived from
the 2-dimensional image of the 4-
chamber view was used to identify a
single cardiac cycle (end-diastole, end-
systole, end-diastole) used for speckle
tracking analysis.28 Following selection
of 1 cardiac cycle, the automated
software was activated to detect the
endocardial border for each ventricle
at end-systole and end-diastole.28

Once the analysis for each ventricle
was completed, the data containing the
pixel coordinates for the location of
the end-systolic and end-diastolic
endocardial pixels were exported to
an American Standard Code for In-
formation Interchange text file. The
text file was imported into an Excel
spreadsheet (Microsoft, Redmond,
WA) that had been programed to
498.e3 American Journal of Obstetrics & Gynecol
compute the right and left ventricular
measurements listed in Table 136e39

and illustrated in Figure 1.

Control population
The control population consisted of
200 fetuses examined between 20 and
40 weeks of gestation. The mean and
SD values, derived from previous
studies of these fetuses,30e33 were used
to compute the Z scores for the
following measurements (Table 1)
from the RVs and LVs in fetuses with
an EFW <10th centile: (1) fractional
area change (FAC), (2) 24-segment
transverse fractional shortening, (3)
longitudinal strain, (4) longitudinal
displacement fractional shortening,
and (5) basal lateral and septal wall
annular plane systolic excursion. The
following measurements from the
control group were independent of
changes in fetal weight from 20 to 40
weeks of gestation: 24-segment trans-
verse fractional shortening, longitudi-
nal strain, and longitudinal
displacement fractional shortening.
The following measurements were
correlated with the estimated fetal
weight: FAC, basal lateral wall annular
ogy NOVEMBER 2019
plane systolic excursion, and basal
septal wall annular plane systolic
excursion.

Statistical analysis
For each of the cardiac measurements
described in Table 1, the Z score and
corresponding centile values were clas-
sified as to whether they were <5th
centile (Z score <e1.65) or >95th cen-
tile (Z score >1.65). The number of
study fetuses that had values <5th or
>95th centiles, depending on the mea-
surement, were used to compute the
odds ratio and P value (NCSS 12, Kays-
ville, UT) when compared with the ex-
pected number (5%) from the control
population. A P value <.05 was consid-
ered significant.

Once the number of fetuses with
abnormal measurements of cardiac
contractility was identified, they were
stratified by the results of the UAPI and
CPR. The c2 analysis with Yates correc-
tion factor was used to determine
whether there were significant differ-
ences in the number of fetuses with
abnormal cardiac measurements
(Table 1) between those with a normal vs
abnormal UAPI and/or CPR.

http://www.AJOG.org


FIGURE 1
Graphical display of measurements of ventricular contractility derived from speckle tracking analysis

A, Four-chamber view from which the graphic display of measurements were computed. B, Fractional area change. C, 24-segment fractional shortening.
D, Longitudinal strain. E, Longitudinal displacement fractional shortening. F, Basal lateral and septal wall annular plane systolic excursion.
D1, diastolic length of segment 1; ED, end-diastolic length; ES, end-systolic length; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; S1, systolic length for segment 1.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centiles. Am J Obstet Gynecol 2019.
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Intraobserver and interobserver
variability
The intraobserver and interobserver
variability have been reported previously
for each of the cardiac contractility mea-
surements described in this study.29e33

Therefore, this analysis was not repeated
since the same examiner (G.R.D.) per-
formed all of the measurements for the
control and study fetuses. The intra-
observer variability for G.R.D. from pre-
vious studies is listed in Table 1.

Results
Demographics of the control group
The demographics have been described
previously.29e33 To summarize, the
control fetuses demonstrated normal
growth for gestational age, determined
from first- or second-trimester dating
examinations. The fetuses were studied
between 20 and 40 weeks of gestation.
Fetuses with fetal malformations were
excluded from the study as well as fetuses
with maternal risk factors that could
alter fetal growth.

Demographics of study fetuseswith
an EFW <10 centile
The ethnicity of the 50 fetuses with an
EFW <10th centile was white 82%,
Hispanic 6%, black 4%, Asian 2%, and
mixed race 6%. The average maternal
age was 28.5 (SD 0.71) years. Twenty-
four percent of the patients smoked,
32% had other preexisting health is-
sues, 4% had hypertensive disorders
of pregnancy, 4% had a TORCH
infection (ie, Toxoplasmosis, Other
[syphilis, varicella-zoster, parvovirus
B19], Rubella, Cytomegalovirus, and
Herpes infections), and none had
gestational diabetes. The average gesta-
tional age at the time of the examina-
tion was 32 weeks 4 days (SD 3 weeks 4
days). None of the 50 study fetuses
NOVEMBER 2019 Ameri
demonstrated absent or reverse dia-
stolic flow of the umbilical artery
Doppler waveform.

Distribution of RV and LV
measurements classified by the
UAPI and CPR
All fetuses, irrespective of the
UAPI and CPR (N[50)
When both ventricles had abnormal
contractility findings, all measure-
ments (14%e24%) were significantly
different than controls except for the
24-segment fractional shortening of
the mid-ventricle segments (9e16) for
both ventricles (Table 2). The percent
of fetuses with significantly abnormal
contractility measurements ranged be-
tween 30% and 50% for the RV and
20% and 36% for the LV.

Figure 2 is a tabular representation
of the findings for the RVs and LVs
grouped by categories of ventricular
can Journal of Obstetrics & Gynecology 498.e4
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TABLE 2
Percent and number of fetuses with an estimated fetal weight <10th centile that had abnormal values for right and left
ventricular measurements, irrespective of the Doppler values for the umbilical artery pulsatility index and the
cerebroplacental ratio

Measurements Both ventricles % (N) Right ventricle % (N) Left ventricle % (N)

Global contractility

Fractional area change <5th centile 16% (8) 38% (19) 36% (18)

OR, 3.6 OR, 11.6 OR, 11.6

95% CI, 1.3e9.7 95% CI, 4.9e27.4 95% CI, 4.9e27.4

P<.01a P<.0001a P<.0001a

Total global contractility abnormality 24% (8) 38% (19) 38% (19)

24-segment transverse contractility

Base-segments 1e8 <5th centile 24% (12) 34% (17) 30% (15)

OR, 6 OR, 5.17 OR, 8.14

95% CI, 2.4e14.8 95% CI, 4.2e23.2 95% CI, 3.4e19.6

P<.0001a P<.001a P<.0001a

Mid-segments 9e16 <5th centile 12% (6) 30% (15) 22% (11)

OR, 2.6 OR, 8.14 OR, 5.35

95% CI, 0.89e7.5 95% CI, 3.38e1958 95% CI, 2.1e13.5

P>.05 P<.001a P¼.001a

Apical-segments 17e24, <5th centile 20% (10) 50% (25) 32% (16)

OR, 4.75 OR,19 OR, 8.9

95% CI, 1.85e12.16 95% CI, 8.2e44.2 95% CI, 3.7e21.3

P¼.001a P<.001a P<.0001a

Total any transverse contractility abnormality 36% (18)b 66% (33)b 40% (20)

Longitudinal contractility

Longitudinal strain >95th centile 18% (9) 30% (15) 30% (15)

OR, 4.2 OR, 8.14 OR, 8.14

95% CI, 1.6e10.9 95% CI, 3.38e19.58 95% CI, 3.38e19.58

P<.01a P<.0001a P<.0001a

Longitudinal displacement fractional
shortening <5th centile

14% (7) 34% (17) 24% (12)

OR, 3.1 OR, 5.17 OR, 6

95% CI, 1.1e8.6 95% CI, 4.2e23.2 95% CI, 2.4e14.8

P<.05a P<.001a P<.0001a

Basal-apical lateral wall annular plane
systolic excursion <5th centile

22% (11) 34% (17) 26% (13)

OR, 5.35 OR, 5.17 OR, 6.67

95% CI, 2.1e13.5 95% CI, 4.2e23.2 95% CI, 2.72e16.35

P¼.001a P<.0001a P<.0001a

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019. (continued)
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contractility. Eighty-six percent of
fetuses had 1 or more abnormal
measurements of cardiac contractility.
Fourteen percent had normal cardiac
findings for both ventricles. Twenty-
498.e5 American Journal of Obstetrics & Gynecol
two percent had normal contractility
of only the RV. Conversely, 42% had
normal contractility of only the LV.
Analysis of RV contractility demon-
strated 78% had 1 or more abnormal
ogy NOVEMBER 2019
measurements. The most frequent
abnormality occurred in the transverse
contractility group (66%), followed by
abnormalities of longitudinal (48%)
and global contractility (38%).
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TABLE 2
Percent and number of fetuses with an estimated fetal weight<10th centile that had abnormal values for right and left
ventricular measurements, irrespective of the Doppler values for the umbilical artery pulsatility index and the
cerebroplacental ratio (continued)

Measurements Both ventricles % (N) Right ventricle % (N) Left ventricle % (N)

Basal-apical septal wall annular plane systolic
excursion <5th centile

16% (8) 32% (16) 20% (10)

OR, 3.6 OR, 8.9 OR, 4.75

95% CI, 1.3e9.7 CI, 3.7e21.3 95% CI, 1.85e12.16

P<.01a P<.0001a P¼.001a

Total any longitudinal contractility abnormality 34% (17) 48% (24) 40% (20)

CI, confidence interval; OR, odds ratio.

a The percent and number of fetuses with measurements that were significantly more frequently abnormal than the control group; b Significant difference (P<.05) between the right ventricle and left
ventricle.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019.
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Analysis of LV contractility demon-
strated 58% had 1 or more abnormal
measurements. The most frequent
abnormality occurred in the transverse
and longitudinal contractility groups
(40%), followed by global (38%)
contractility. Comparing measure-
ments between the ventricles demon-
strated more fetuses had 1 or more
abnormalities of transverse contrac-
tility of the RV (66%) than the LV
(40%), P<.05). There were no signif-
icant differences between the ventri-
cles for global or longitudinal
contractility.

Normal UAPI and CPR (N[25)
Fifty percent (N¼25) of the study fe-
tuses had a normal UAPI and CPR
(Table 3). Global FAC was significantly
more frequently abnormal in the study
fetuses than the control group for both
the RV (40%) and LV (40%).
Abnormal transverse contractility was
significantly more frequent for all 24
segments of the RV (28%e52%) and
for the mid- and apical segments of the
LV (24%e32%). There was a signifi-
cant difference for 1 or more abnormal
measurements of transverse contrac-
tility for the RV (68%) than the LV
(36%), P<.05. All 4 measurements of
longitudinal contractility were
abnormal for the RV (28%e32%) and
in 3 of the 4 measurements for the LV
(24%e32%). There was no significant
difference between number of fetuses
with abnormal longitudinal measure-
ments between the RV and LV. When
global, transverse, and longitudinal
contractility measurements were com-
bined, fetuses with an EFW <10th and
a normal UAPI and CPR had a greater
incidence of abnormal contractility of
the RV (80%) than the LV (56%), but
the difference was not statistically sig-
nificant (Figure 2). As a group, 84% of
fetuses had 1 or more abnormalities of
global, transverse, and longitudinal
contractility of 1 or both ventricles
(Figure 2).

Abnormal UAPI centile with a
normal CPR (N[11)
Eleven fetuses were in this group
(Table 3). Global contractility was
significantly more frequent (36%) for
both the RV and LV when compared
with controls. Abnormalities of the
24-segment RV basal (36%) and api-
cal (36%) transverse fractional short-
ening were significantly more frequent
in the study group than the control
fetuses. The RV demonstrated only 1
abnormality of longitudinal contrac-
tility, whereas the other measurements
of longitudinal contractility were not
significantly increased for the RV and
LV (Table 3). There were no signifi-
cant differences between number of
abnormal global, transverse, or longi-
tudinal contractility measurements
NOVEMBER 2019 Ameri
between the RV and LV in the study
fetuses (Table 3). When we evaluated
the combination of all global, longi-
tudinal, and transverse measurements,
64% of fetuses had 1 or more ab-
normalities of the RV and 45% for the
LV (Figure 2). As a group, 82% of
fetuses had 1 or more abnormalities of
global, transverse, and longitudinal
contractility of 1 or both ventricles
(Figure 2).

Abnormal CPR with a normal
UAPI (N[11)
Eleven fetuses were in this group
(Table 3). Abnormal global contrac-
tility was significantly more frequent
(45%) in these fetuses than the control
group for the RV, but not the LV
(Table 3). Transverse contractility was
significantly more frequent for the RV
in the study than the control fetuses
for the basal (36%) and apical (55%)
segments, as well as the LV basal seg-
ments (45%) (Table 3). The RV
demonstrated only 2 abnormalities of
longitudinal contractility, whereas the
other measurements of longitudinal
contractility were not significantly
increased for the RV and LV (Table 3).
There were no significant differences
between number of abnormal global,
transverse, or longitudinal contractility
measurements between the RV and LV
in the study fetuses (Table 3). When we
evaluated the combination of all
can Journal of Obstetrics & Gynecology 498.e6
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FIGURE 2
Display of all 50 participants indicating results from speckle tracking analysis

The gray rows represent fetuses with abnormal measurements. The white rows represent fetuses with normal measurements. The blue rows represent
fetuses in which all measurements were normal for either ventricle. The green rows represent fetuses in which all measurements were normal for both
ventricles.
CPR, cerebroplacental ratio; LV, left ventricle; RV, right ventricle; UAPI, umbilical artery pulsatility index.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centiles. Am J Obstet Gynecol 2019.
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TABLE 3
Percent and number of fetuses with an estimated fetal weight <10th centile that had abnormal values for right and left ventricular measurements based on
Doppler values for the umbilical artery pulsatility index and the cerebroplacental ratio

Measurements

Right ventricle
normal umbilical
artery pulsatility
index and normal
cerebroplacental
ratio N¼25

Left ventricle
normal umbilical
artery pulsatility
index and normal
cerebroplacental
ratio N¼25

Right ventricle
isolated abnormal
umbilical artery
pulsatility index
>90% N¼11

Left Ventricle
isolated
abnormal
umbilical artery
pulsatility index
>90% N¼11

Right ventricle
isolated
abnormal
cerebroplacental
ratio <10%
N¼11

Left ventricle
isolated
abnormal
cerebroplacental
ratio <10%
N¼11

Right ventricle
abnormal umbilical
artery pulsatility
index >90% and
abnormal
cerebroplacental
ratio < 10% N¼3

Left ventricle
abnormal umbilical
artery pulsatility
index >90% and
abnormal
cerebroplacental
ratio < 10% N¼3

Global contractility

Fractional area
change <5th centile

40% (10) 40% (10) 36% (N¼4) 36% (N¼4) 45% (N¼5) 27% (N¼3) 0 (0%) 67% (N¼2)

OR, 6 OR, 6 OR, 5.1 OR, 5.1 OR, 7.5 OR, 3.4 OR, 18

95% CI, 2.4e15 95% CI, 2.4e15 95% CI, 1.4e19 95% CI, 1.4e19 95% CI, 2e27 95% CI, 0.8e14 95% CI, 1.6e207

P<.0001a P<.0001a P¼.01a P¼.01a P¼.002a P¼.08 P¼.02a

Total global
contractility
abnormality

40% (10) 40% (10) 36% (4) 36% (4) 45% (5) 27% (3) 0 (0%) 67% (2)

24-segment contractility

Base-segments 1
e8 <5th centile

28% (N¼7) 20% (N¼5) 36% (N¼4) 18% (N¼2) 36% (N¼4) 45% (5) 67% (N¼2) 67% (N¼2)

OR, 3.5 OR, 2.2 OR, 5.1 OR, 2 OR, 5.1 OR, 7.5: OR, 18 OR, 18

95% CI, 1.3e9.3 95% CI, 0.76e6.6 95% CI, 1.4e19 95% CI, 0.4e9.9 95% CI, 1.4e19 95% CI, 2e26 95% CI, 1.6e207 95% CI, 1.6e207

P¼.01a P¼.14 P¼.01a P¼.4 P¼.01a P<.002a P¼.02a P¼.02a

Mid-segments 9
e16 <5th centile

36% (N¼9) 24% (N¼6) 9% (N¼1) 9% (N¼1) 27% (N¼3) 27% (N¼3) 0 (0%) 33% (N¼1)

OR, 5 OR, 2.8 OR, 0.9 OR, 0.9 OR, 3.4 OR, 3.4 OR, 4.5

95% CI, 2e13 95% CI, 1e7.9 95% CI, 0.1e7.4 95% CI, 0.1e7.4 95% CI, 0.8e14 95% CI, 0.8e14 95% CI, 0.4e51

P<.0001a P<.05a P¼.9 P¼.9 P¼.08 P¼.08 P¼.22

Apical-segments
17e24 <5th
centile

52% (N¼13) 32% (N¼8) 36% (N¼4) 18% (N¼2) 55% (N¼6) 27% (N¼3) 67% (N¼2) 67% (N¼2)

OR, 9.7 OR, 4.2 OR, 5.1 OR, 2 OR, 1.8 OR, 3.4 OR, 18 OR, 18

90% CI, 4e24 95% CI 1.6e11 95% CI, 1.4e19 95% CI, 0.4e9.9 95% CI, 3e39 95% CI, 0.8e14 95% CI, 1.6e207 95% CI, 1.6e207

P<.0001a P¼.003a P¼.01a P¼.4 P<.001a P¼.08 P¼.02a P¼.02a

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019. (continued)
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TABLE 3
Percent and number of fetuses with an estimated fetal weight <10th centile that had abnormal values for right and left ventricular measurements based on
Doppler values for the umbilical artery pulsatility index and the cerebroplacental ratio (continued)

Measurements

Right ventricle
normal umbilical
artery pulsatility
index and normal
cerebroplacental
ratio N¼25

Left ventricle
normal umbilical
artery pulsatility
index and normal
cerebroplacental
ratio N¼25

Right ventricle
isolated abnormal
umbilical artery
pulsatility index
>90% N¼11

Left Ventricle
isolated
abnormal
umbilical artery
pulsatility index
>90% N¼11

Right ventricle
isolated
abnormal
cerebroplacental
ratio <10%
N¼11

Left ventricle
isolated
abnormal
cerebroplacental
ratio <10%
N¼11

Right ventricle
abnormal umbilical
artery pulsatility
index >90% and
abnormal
cerebroplacental
ratio < 10% N¼3

Left ventricle
abnormal umbilical
artery pulsatility
index >90% and
abnormal
cerebroplacental
ratio < 10% N¼3

Total any transverse
contractility
abnormality

68% (17)b 36% (9)b 55% (6) 36% (4) 64% (7) 45% (5) 100% (3) 67% (2)

Longitudinal contractility

Longitudinal strain
(>95th centile)

32% (N¼8) 32% (N¼8) 27% (N¼3) 27% (N¼3) 27% (N¼3) 27% (N¼3) 67% (N¼2) 33% (N¼1)

OR, 4.2 OR, 4.2 OR, 3.4 OR, 3.4 OR, 3.4 OR, 3.4 OR, 18 OR, 4.5

95% CI, 1.6e11 95% CI, 1.6e11 95% CI, 0.8e14 95% CI, 0.8e14 95% CI, 0.8e14 95% CI, 0.8e14 95% CI, 1.6e207 95% CI, 0.4e51

P¼.003a P¼.003a P¼.08 P¼.08 P¼.08 P¼.08 P¼.02a P¼.22

Basal-apical
displacement
fractional
shortening <5th
centile

28% (N¼7) 24% (N¼6) 36% (4) 18% (N¼2) 45% (5) 18% (N¼2) 33% (N¼1) 67% (N¼2)

OR, 3.5 OR, 2.8 OR, 5.1 OR, 2 OR, 7.5 OR, 2 OR, 4.5 OR, 18

95% CI, 1.3e9.3 95% CI, 1e7.9 95% CI, 1.4e19 95% CI, 0.4e9.9 95% CI, 2e26 95% CI, 0.4e9.9 95% CI, 0.4e51 95% CI, 1.6e207

P¼.01a P<.05a P<.02a P¼.4 P<.002a P¼.4 P¼.22 P¼.02a

Basal-apical
lateral wall annular
plane systolic
excursion <5th
centile

28% (N¼7) 24% (N¼6) 27% (N¼3) 9% (N¼1) 36% (N¼4) 27% (N¼3) 100% (3) 100% (3)

OR, 3.5 OR, 2.8 OR, 3.4 OR, 0.9 OR, 5.1 OR, 3.4 OR, 61 OR, 61

95% CI, 1.3e9.3 95% CI, 1e7.9 95% CI, 0.8e14 95% CI, 0.1e7.4 95% CI, 1.4e19 95% CI, 0.8e14 95% CI, 3e1235 95% CI, 3e1235

P¼.01a P<.05a P¼.08 P¼.9 P¼.01a P¼.08 P<.01a P<.01a

Basal-apical septal
wall annular plane
systolic excursion
<5th centile

32% (N¼8) 12% (3) 27% (N¼3) 18% (N¼2) 27% (N¼3) 18% (N¼2) 100% (3) 100% (3)

OR, 4.2 OR, 1.2 OR, 3.4 OR, 2 OR, 3.4 OR, 2 OR, 61 OR, 61

95% CI, 1.6e11 95% CI, 0.3e4.4 95% CI, 0.8e14 95% CI, 0.4e9.9 95% CI, 0.8e14 95% CI, 0.4e9.9 95% CI, 3e1235 95% CI, 3e1235

P¼.003a P¼.07 P¼.08 P¼.4 P¼.08 P¼.4 P<.01a P<.01a

Total any
longitudinal
contractility
abnormality

44% (11) 36% (9) 45% (5) 36% (4) 45% (5) 36% (4) 100% (3) 100% (3)

CI, confidence interval; OR, odds ratio.

a The percent and number of fetuses with measurements that were significantly more frequently abnormal than the control group; b Significant difference (P<.05) between the right ventricle and left ventricle.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019.
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FIGURE 3
Human myocardial fibrillogenesis in the adult and fetal hearts

A, The short axis helical right-handed helix (red) and the left-handed helix (green/yellow). The circumferential fibers (blue) have no helix formation. B, The
left lateral wall in the adult, with similar color interpretation as in (A). C, The left lateral wall of a 10-week fetus that has the beginning of helical formation.
D and E, The evolution of helical and circumferential fibers from 14 to 19 weeks of gestation. F, A more-developed fiber orientation at 6 days
post-delivery (PD). G, The entire heart at 19 weeks. Used with permission.47,48

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centiles. Am J Obstet Gynecol 2019.
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FIGURE 4
Apical view of the heart muscle

A, Clockwise and counterclockwise spiral formation. Used with permission.49 B, The movement of
the individual vectors of the apical myocardium in a counterclockwise rotation of the left ventricle
during systole. Used with permission.47

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centiles. Am J
Obstet Gynecol 2019.
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global, longitudinal, and transverse
measurements, 82% of fetuses had 1 or
more abnormalities of the RV and 64%
for the LV (Figure 2). As a group, 91%
of fetuses had 1 or more abnormalities
of global, transverse, and longitudinal
contractility of 1 or both ventricles
(Figure 2).

Combined abnormal UAPI and
abnormal CPR (N[3)
Three fetuses were in this group
(Table 3). The LV demonstrated a sta-
tistically greater incidence of abnormal-
ities of global, transverse, and
longitudinal contractility in study fetuses
(67%e100%) than controls. The RV
only demonstrated significant differ-
ences for transverse and longitudinal
contractility (67%e100%) when
compared with controls. When we eval-
uated all global, longitudinal, and
transverse measurements, 100% of fe-
tuses had one or more abnormalities of
the RV and/or LV (Figure 2).

Comparison of measurements of
ventricular contractility between
fetuses with a normal vs abnormal
UAPI and/or and CPR
There were no significant differences
between the number of study fetuses
with a normal UAPI and normal CPR
498.e11 American Journal of Obstetrics & Gynec
for any of the individual contractility
measurements of the RV and LV when
compared with fetuses with an isolated
abnormal UAPI, an isolated abnormal
CPR, or with both an abnormal UAPI
and CPR (Appendix, Supplemental
Tables 1 and 2).

Discussion
Principal findings
First, there was a significant increase in
the number of fetuses with an EFW
<10th centile, irrespective of the UAPI
and CPR, who demonstrated abnormal
right (78%) and left (58%) global,
transverse, and longitudinal contractility
when compared with the control popu-
lation. Second, abnormal RV transverse
contractility measurements were signifi-
cantly more frequent than LV measure-
ments for the entire group of 50 fetuses
(66% vs 40%) as well as those fetuses with
a normal UAPI and CPR (68% vs 36%).
Finally, when we compared fetuses with
an EFW <10th centile with a normal
UAPI and MCA with those with an iso-
lated abnormal UAPI, isolated abnormal
CPR, and both abnormal UAPI and
MCA, there were no significant differ-
ences in the number of fetuses
with abnormal ventricular contractility
for global, transverse, or longitudinal
measurements.
ology NOVEMBER 2019
Study design—perspective
Classification of study fetuses
based on the number of fetuses
with abnormal cardiac
contractility measurements <5th
or >95th centiles
When we compared measurements of
cardiac function between control and
study groups, previous investigators
have reported the mean and SD of
the measurement values for each
group and determined whether there
was a significant difference between
the 2 groups. However, data regarding
the number of study fetuses
having abnormal findings have not
been reported.40e42 Although previous
studies have provided important,
foundational insights as to which car-
diac measurements were abnormal
between study and control groups,
the current study took a different
approach. We were interested in how
many fetuses with an EFW <10th
centile had abnormal measurements
of ventricular contractility by deriving
the number and percent of fetuses
whose contractility measurements
were outside (<5th or >95th centiles)
of the normal distribution, as deter-
mined by computing the Z score and
corresponding centile using the mean
and SD from previously reported
control fetuses.29e33 The reasons for
using this approach are 3-fold: (1)
outlying measurements in a study
group may result in mean values that
are skewed as well as values for the
SD; (2) investigators who may
consider duplicating a particular study
to see whether the results are similar
before implementing a specific test in
patient care may desire to know the
percent of study fetuses with abnormal
values, instead of just the corre-
sponding P value derived from the
analysis of the mean and SD values for
the study and control groups; and (3)
after we determined the percent of
study subjects who had abnormal
values, the clinician may or may not
elect to use the findings in clinical
practice, even though the P value be-
tween the control and study groups is
significant.

http://www.AJOG.org


FIGURE 5
Four-chamber view of myocardial muscle orientation in the fetal heart

A, The location of the longitudinal, obliquely oriented helical, and circumferential fibers. The
circumferential fibers are present along the right and left ventricular free walls as well as the left side
of the interventricular septum. B, Vector analysis of illustrating the direction and velocity of
myocardial segments during systole. The right lateral wall demonstrates longitudinal movement
along 2/3 of the wall, with oblique movement of the apical portion of the wall. The left ventricle
demonstrates longitudinal movement of the upper 1/3 of the lateral wall, with circumferential
movement of the lateral mid and apical sections of the wall. The septal wall demonstrates movement
resulting from circumferential and oblique-helical fibers during systole.
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centiles. Am J
Obstet Gynecol 2019.
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Understanding ventricular
morphology of the ventricles
To understand ventricular contractility
measurements used in this study, it is
important to review the orientation of
the muscle fibers that comprise the
ventricles of the heart.44,45 In 2013
Mekkaoui et al46 scanned intact
cadaver hearts with diffusion magnetic
resonance imaging tractography to
identify the fiber orientation of the
myocardium. They compared the adult
heart with the hearts of fetuses at 10
weeks, 14 weeks, 19 weeks, and a
newborn 6 days following birth. They
identified 3 fiber orientations in the
adult heart; 2 opposing helical tracts
that ran from the base to the apex of
the left ventricular lateral wall, and a
non-helical circumferential tract
(Figure 3, A and B).46e48 The fiber
orientation, similar to the adult heart,
was not present at 10 weeks of
gestation (Figure 3, C) but evolved to
an adult orientation by 19 weeks
(Figure 3, D, E, G).46 However, the
density of fibers did not approach that
of the adult heart until after the post-
natal period (Figure 3, F).46 The helical
structure of the ventricles recently was
reviewed by Buckberg et al,36,37 who
affirmed the findings of Torrent-
Guasp, who hypothesized that the
heart demonstrated 2 interconnected
muscle bands; a basal loop with
transverse fibers surrounding the LV
and RV, and an apical loop, composed
of a right- and left-handed helix that
crossed each other at a 60-degree
angle, forming an apical vortex
(Figure 4).47,49 A video has been pos-
ted online by Buckberg et al that
demonstrates Torrent-Guasp’s unrav-
eling of the heart illustrating
the aforementioned anatomy (http://
www.mdpi.com/2308-3425/5/2/33/s1).36
NOVEMBER 2019 Americ
The purpose of the right- and left-
handed helix is to provide opposite
contraction forces from the base and
apex for each ventricle that results in
ejecting and filling of blood from each
chamber, similar to wringing and
unwringing of a dishrag.

Similar to the apex of the heart, the
septum has oblique, opposing helical
muscles, resulting in coiling and short-
ening of the muscles, as is observed in
the ventricular walls (Figures 3, 4, and
5).47,48 In addition, the left lateral ven-
tricular wall and left ventricular septum
have circumferential fibers that
contribute to contraction of the
myocardium toward the center of the
LV chamber during systole (Figure 5).
Therefore, as the result of myocardial
fiber and muscle orientation, the inter-
ventricular septum is committed pri-
marily to the LV. Studies of the RV have
suggested that longitudinal shortening
from the base to the apex of the cham-
ber develops from coiling and short-
ening of the apical helix, with little
contribution from the lateral wall lon-
gitudinal and circumferential fibers
(Figures 4 and 5).48,50 In adults and
experimental animals, it has been
demonstrated that RV heart failure does
not occur after elimination of free wall
muscle function. However, heart failure
occurs when septal ischemia is
present.36,38,39,47,48,50,51

As the result of the aforementioned
muscle orientations that form the com-
ponents of ventricular contractility, 3
contraction patterns can be identified
from the 4-chamber view using speckle
tracking analysis; (1) shortening of
the base of the ventricles toward the
apex (longitudinal contractility); (2)
movement of the ventricular walls toward
the center of each chamber (transverse
contractility); and (3) interaction of
muscle groups resulting in a decrease
in chamber size during ventricular
systole (global contractility).36,48,50

Imaging modalities used to
measure ventricular contractility
Previous studies evaluating ventric-
ular systolic function have used, in
various combinations, M-mode,24,52e60

pulsed Doppler,27,61 and 2-dimensional
an Journal of Obstetrics & Gynecology 498.e12
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FIGURE 6
M-mode and pulsed Doppler measurements of longitudinal and transverse
contractility

A, Four-chamber view with the apex at 12 o’clock. B, The plane of acquisition for the M-mode to
measure transverse contractility of the right and left ventricles. C and D, Placement of the pulsed
Doppler sample volume at the base of the RV and LV walls to record tissue Doppler displacement for
computation of longitudinal contractility. E and F, Placement of the M-mode cursor to record annular
plane systolic excursion of the tricuspid (TAPSE) and mitral (MAPSE) annulus used to evaluate
longitudinal contractility.
LA, left atrium; LV, left ventricle; MAPSE, mitral annular plane systolic excursion; RA, right atrium; RV, right ventricle; TAPSE, tricuspid
annular plane systolic excursion.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centiles. Am J
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images of the 4-chamber view
(Figure 6).39,49,63e68 M-mode has been
used to measure movement of the
annulus at the base of the right and left
ventricles towards the apex, referred to
as tricuspid or mitral annular plane
systolic excursion. This has been
accomplished by placing an M-mode
cursor perpendicular to the annuli,
located at the base of each ventricle,
when the ventricular apex was at 6 or 12
o’clock (Figure 6).24,58e60 In addition,
transverse contractility has been
measured by placing the M-mode
perpendicular to the interventricular
septum and walls, in the mid-chamber,
to measure fractional shortening
(Figure 6).52,54e57 Pulsed-wave tissue
498.e13 American Journal of Obstetrics & Gynec
Doppler has been used to measure
systolic peak velocity of the ventricular
and septal walls (Figure 6).27,61 In
addition, RV and LV cardiac outputs
have been computed from the aortic
and pulmonary artery Doppler
waveforms.69e72 Two-dimensional im-
ages of the end-diastolic and end-
systolic areas of the RV and LV have
been used to compute the FAC and
longitudinal strain.61e68,73 Therefore,
to measure components of global
contractility, transverse contractility,
and longitudinal contractility, multiple
imaging modalities have been used in
previous studies.11,12,27e30 Several of
these measurements require the
examiner to orient the ventricular
ology NOVEMBER 2019
chambers so that the apex is either
parallel (tissue Doppler, tricuspid
annular plane systolic excursion, mitral
annular plane systolic excursion) to the
ultrasound beam or perpendicular to
the ultrasound beam (transverse M-
mode fractional shortening), whereas
measurements of FAC and longitudinal
strain are not dependent on orienta-
tion of the chambers to the ultrasound
beam.

To obtain a comprehensive evalua-
tion of ventricular contractility using
the aforementioned diagnostic tools
may be problematic, depending on the
orientation of the fetus during the
examination. However, using speckle
tracking analysis, as described in this
study, allows the examiner to make 2
measurements from each ventricle for
the software to compute all of the
measurements listed in Table 1 and
illustrated in Figure 1. To accomplish
this takes less than 4 minutes using
proprietary or commercially available
software designed for this purpose.

Clinical implications
Evaluation of fetal ventricular
contractility in fetuses with a
normal UAPI and CPR
Six national societies from the United
States, United Kingdom, New Zealand,
Canada, Ireland, and France have pub-
lished varying definitions for intrauter-
ine FGR.74e79 Although all have
included an estimated fetal weight
<10th centile as a universal component,
there are disparate opinions regarding
the role of Doppler ultrasound of the
umbilical and middle cerebral arteries as
well as the CPR.74e79 In 2016, a Delphi
analysis by an international panel of 45
experts classified fetuses with an EFW
<10 centile as follows: (1) SGA: EFW
>3rd centile to 10th centile with normal
UAPI and CPR; (2) FGR: fetuses with an
EFW <3rd centile with normal Doppler
measurements of the UAPI and CPR,
and (3) FGR: fetuses with an EFW>3rd
centile but <10th centile with an ab-
normality of either the UAPI and/or
CPR.80 Although the ACOG definition
of FGR would include all 50 of the study
fetuses since it does not discriminate
between SGA and FGR fetuses using the

http://www.AJOG.org
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UAPI or CPR, the consensus from the
Delphi study would have identified 50%
of the study fetuses as SGA and 50%
having FGR. When Doppler results of
the UAPI and CPR are normal, clinicians
may conclude that these fetuses are
“constitutionally small” and not at risk
for adverse outcome.81,82 However, the
results from the speckle tracking analysis
of ventricular function would suggest
that these fetuses have a significantly
increased incidence of abnormal RV
(80%) and LV (56%) ventricular
contractility, even though the UAPI and
CPR were normal. Girsen et al83 exam-
ined 14 fetuses in which the EFW was
<10th centile and the UAPI and UAPI/
MCAPI ratio (group 1) were normal.
They obtained cord blood measure-
ments of N-terminal fragments of A
(atrial)- and B (ventricular)-type natri-
uretic peptide, which are the breakdown
products of A- and B-type natriuretic
peptides that are synthesized in response
to cardiac volume and pressure overload,
resulting in an increase in salt and water
excretion, enhanced capillary perme-
ability, and relaxation of vascular
smooth muscles.83 In group I fetuses,
they found no significant difference in
cardiac systolic function studies (com-
bined RVand LV cardiac output, RVand
LV cardiac output, RV and LV fractional
shortening, RV and LV ejection forces,
and LV myocardial performance index)
and B (ventricular)-type natriuretic
peptide when compared with control
fetuses.84 However, although the
measured values were not significantly
different between the controls and
Group I fetuses, 31% of group I fetuses
had B (ventricular)-type natriuretic
peptides values >95th centile.83

Although A (atrial)-type natriuretic
peptide values were significantly
different between control and Group I
fetuses, the authors did not provide the
percent of fetuses with abnormal values
for Group I fetuses. Girsen et al84 also
reported similar findings when
measuring erythropoietin levels in a
similar cohort of fetuses with growth
restriction and normal UAPI in which
abnormally elevated erythropoietin
levels were present in 44% of fetuses, all
of whom had normal diastolic and sys-
tolic Doppler cardiac function studies.
Although the ventricular function mea-
surements used by Girsen et al did not
demonstrate differences between Group
I (normal UAPI and UA/MCA) and their
control fetuses, our study demonstrated
a significant difference in ventricular
contractility measurements for both the
RV and LV for similarly classified fetuses
(EFW <10th centile and normal UAPI
and CPR).
In a study by Perez-Cruz et al41 in

which they examined global, RV, and LV
function in fetuses with an EFW <10th
centile and normal Doppler of the UAPI
and CPR, they used M-mode, conven-
tional Doppler, and tissue Doppler ul-
trasound and found significant
differences between control and study
fetuses. However, to estimate the num-
ber of fetuses with abnormal findings
when only the mean and SDs are pro-
vided between a control and study
groups, DeVore et al recently reported
deriving these values by a modification
of the z-score equation.76 Because
Perez-Cruz et al only reported the mean
and SD between the control and study
fetuses, the aforementioned analysis
using the modified Z-score equation
described by DeVore et al was used,
which estimated the percent of fetuses
with abnormal systolic function to
range between 13% and 24% for the LV
and 16% and 20% for the RV (Appen-
dix, Supplemental Table 3).43 Signifi-
cantly abnormal RV (80%) and LV
(56%) function in the current study
using speckle tracking analysis was
greater than the aforementioned esti-
mates reported in the study by Perez-
Cruz et al.41

Recently, Crispi et al85 examined the
placentas of fetuses with an EFW
<10th centile that were classified as
SGA (normal UAPI and CPR) and
FGR (abnormal UAPI and/or CPR)
using apoptotic markers. They re-
ported accelerated placental aging that
included reduced telomerase activity
and subsequent telomere shortening
associated with active cell senescence.85

They concluded that accelerated
placental aging occurred in both
NOVEMBER 2019 Americ
groups of fetuses, supporting a com-
mon pathophysiology. They challenged
the concept of fetuses with an EFW
<10th centile with normal UAPI and
CPR as being only “constitutionally
small” and suggested they had similar
pathologic placentas as those fetuses
with FGR.85

Evaluation of fetal ventricular
contractility in fetuses with an
abnormal UAPI and normal CPR
Crispi et al60 examined 4 biochemical
markers (B [ventricular]-type natri-
uretic peptide, heart fatty acid binding
protein, troponin, and high sensitivity
C-reactive protein) that have been
associated with myocardial cell damage
in adults and applied them to fetuses
with FGR that were classified accord-
ing to the UAPI waveform.26 Stage 1
fetuses were defined as having an
abnormal UAPI in the presence of
forward flow above the baseline during
diastole.26 They compared the cord
blood biochemical markers with
echocardiographic measurements
(modified myocardial performance
and its 3 components—isovolumic
contraction time [ICT], ejection time,
and isovolumic relaxation time)
recorded from the LV and the com-
bined cardiac outputs (CCO) from the
RV and LV between controls and study
fetuses.26 Stage 1 fetuses demonstrated
no abnormal systolic function echo-
cardiographic measurements (ICT,
CCO). Only B-type natriuretic peptide
of the biochemical markers was
abnormal in these fetuses. In a similar
cohort of fetuses with an isolated
abnormal UAPI, our results demon-
strated significant abnormal values for
global, transverse, and longitudinal
contractility for both ventricles.
Therefore, our findings would suggest
that the diagnostic tools derived from
speckle tracking analysis may be more
sensitive for identifying abnormal sys-
tolic function in stage 1 fetuses since
none of the systolic function mea-
surements (ICT, ejection time, CCO)
reported by Crispi et al were abnormal
in this group, even though B-type
natriuretic peptide was abnormal.
an Journal of Obstetrics & Gynecology 498.e14
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Evaluation of fetuses with an
abnormal CPR <10th centile and
normal UA PI < 90th centile
The CPR represents a relationship be-
tween the umbilical artery and middle
cerebral artery blood flow. When
abnormal growth occurs after 32 weeks
of gestation, an abnormal CPR may be
detected and is often the result of
increased blood flow to the fetal brain in
the presence of a normal UAPI.22,86 An
abnormal CPR has been reported to be
associated with adverse outcome that
includes stillbirth, acidosis, neonatal
morbidity, and operative obstetrical de-
livery as the result of intrapartum fetal
distress.2,82,86 Eleven of the 14 fetuses
with an abnormal CPR had a normal
UAPI. Although some clinicians have
embraced the CPR as a diagnostic tool
for detecting fetuses at risk for adverse
fetal and neonatal outcomes, concern
has been raised by some investigators
that its performance as an isolated
screening tool is limited.77,79,86 One
reason is the varied thresholds that have
been suggested for identification of an
abnormal value.22,86 When the CPR is
abnormal, identification of cardiac
dysfunction may be important to further
understand the pathophysiology of
changes in cerebral blood flow. In the
current study, the only significant ab-
normality of LV contractility when an
isolated abnormal CPR was present was
a greater rate of abnormal basal trans-
verse shortening (45%). However, RV
global, transverse, and longitudinal
contractility were abnormal, with 82%
of fetuses having some form of abnormal
RV function. In a study of the same
cohort of fetuses, Hobbins87 reported
that the RV end-diastolic area was
abnormally increased in 45% of these
fetuses, with the LV area only increased
in 9%. A dilated RV could result in al-
terations in LV filling, resulting in
decreased LV cardiac contractility and
associated cardiac output.

Evaluation of fetuses with an
abnormal CPR <10th centile and
abnormal UAPI >90th centile
Although this combination of findings
only occurred in 3 fetuses, 67%e100%
had abnormal transverse and
498.e15 American Journal of Obstetrics & Gynec
longitudinal contractility of both ven-
tricles. However, only the LV demon-
strated decreased global contractility,
whereas abnormal RV global contrac-
tility did not occur in any of the 3 fetuses.
Since the number of fetuses studied was
small, the only conclusions that can be
considered is that cardiac contractility
was abnormal for both ventricles, similar
to what was observed in the fetuses
making up the remainder of the study
group.

Patterns of abnormal global,
transverse, and longitudinal
contractility in fetuses with an
EFW <10th centile
When examining transverse contrac-
tility, we found the RV was more
abnormal than the LV in fetuses with an
EFW <10th centile, irrespective of the
UAPI and CPR findings and in fetuses
with a normal UAPI and normal CPR.
The reason for the decreased contrac-
tility of the RV may be because it is the
systemic ventricle, pumping blood to the
body and placenta and therefore work-
ing against a higher resistance than the
LV. The measurements resulting in a
greater resistance may be the result of an
enlarged RV, which results in an
abnormal sphericity index, as has been
previously reported by our group in fe-
tuses with an estimated fetal weight less
than the 10th centile.88 When the RV is
enlarged, this results in decreased
transverse contractility because of a
larger end-diastolic dimension that,
when the fractional shortening is
computed, results in a lower value for a
given systolic displacement of the walls.

Research implications
Previous studies measured biochemical
markers suggestive of myocardial
dysfunction in fetuses with an EFW
<10th centile with a normal UAPI and
normal CPR and found that cardiac
measurements using pulsed Doppler
and M-mode ultrasound were variable,
some being normal and others
abnormal.83,84 Since speckle tracking
analysis of ventricular contractility, as
described in the current study, may
identify more fetuses who have been
classified as SGA (normal UAPI and
ology NOVEMBER 2019
normal CPR) as having ventricular
dysfunction when compared with using
M-mode, conventional and tissue
Doppler evaluation of ventricular func-
tion, future studies should be under-
taken to determine whether there is
evidence of biochemical changes in A-
and B-type natriuretic peptide as well as
erythropoietin cord blood levels in these
fetuses who demonstrate abnormal
ventricular function defined by speckle
tracking criteria described in the current
study. If present, this would further un-
derscore the potential of speckle tracking
analysis to be a more sensitive indicator
of abnormal ventricular contractility
than previously used fetal diagnostic
tests of ventricular function.41,83,84 In
addition, evaluation of neonatal ven-
tricular function using the same speckle
tracking analysis used in the current
study should be undertaken to deter-
mine whether changes in global, longi-
tudinal, and transverse contractility
persist postnatally.

Strengths and limitations
The strengths of this study are (1)
demonstration of a single analytic tool
using speckle tracking to evaluate ven-
tricular contractility that results in
detailed evaluation of global, transverse,
and longitudinal contractility of the
ventricles; (2) demonstration of ven-
tricular systolic dysfunction in fetuses
with an EFW <10th centile who had a
normal UAPI and CPR; and (3) identi-
fication of different ventricular function
profiles, depending on the presence or
absence of abnormal UAPI and/or CPR.
The limitation of the study is that post-
natal evaluation of the heart has not been
completed at the time of this writing, as
this cohort of fetuses is part of an
ongoing study in which follow-up data
are being collected and analyzed.
Another limitation is that speckle
tracking analysis, as described in this
study, is only available on one ultrasound
machine used routinely for fetal assess-
ment by noncardiologists.

Conclusions
Abnormal ventricular contractility was
present in fetuses with an EFW <10th
centile, irrespective of the UAPI and
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CPR. For both the RV and LV, abnor-
malities of ventricular contractility were
more prevalent in transverse measure-
ments, than global and longitudinal
measurements. In addition, the RV
demonstrated a greater incidence of
abnormal contractility measurements
than the LV. Fetuses with an EFW<10th
centile may be considered to undergo
assessment of ventricular contractility,
irrespective of the Doppler findings of
the UAPI, and CPR. n
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SUPPLEMENTAL TABLE 1
Right ventricular comparison between study fetuses with a normal UAPI and CPR and fetuses with abnormal UAPI and/or CPR

Measurements

Right ventricle
normal UAPI and
normal CPR N¼25

Right ventricle
isolated
abnormal UAPI
90% N¼11

Significant
differences
between normal
and abnormal
UAPIAPI

Right ventricle
isolated abnormal
CPR <10% N¼11

Significant
differences
between normal
and abnormal
CPR

Right ventricle
abnormal UAPI and
abnormal CPR N¼3

Significant
differences between
normal UAPI and
normal CPR and
abnormal UAPI and
abnormal CPR

Global contractility

Fractional area change
<5th centile

40% (10) 36% (N¼4) NS 45% (N¼5) NS 0% (N¼0) NS

24-segment contractility

Base-segments 1e8
<5th centile

28% (N¼7) 36% (N¼4) NS 36% (N¼3) NS 67% (N¼2) NS

Mid-segments 9e16
<5th centile

36% (N¼9) 9% (N¼1) NS 27% (N¼3) NS 0 (0%) NS

Apical-segments 17e24
<5th centile

52% (N¼13) 36% (N¼4) NS 55% (N¼6) NS 67% (N¼2) NS

Longitudinal contractility

Longitudinal strain
(>95th centile)

32% (N¼8) 27% (N¼3) BA 27% (N¼3) NS 67% (N¼2) NS

Basal-apical
displacement fractional
shortening <5th centile

28% (N¼7) 36% (N¼4) NS 45% (N¼5) NS 33% (N¼1) NS

Basal-apical lateral wall
annular plane systolic
excursion <5th centile

28% (N¼7) 27% (N¼3) NS 36% (N¼4) NS 100% (N¼3) NS

Basal-apical septal wall
annular plane systolic
excursion <5th centile

32% (N¼6) 27% (N¼2) NS 27% (N¼3) NS 100% (N¼3) NS

Any abnormal
measurement

80% (20) 64% (N¼7) NS 82% (N¼9) NS 100% (N¼3) NS

CPR, cerebroplacental ratio; NS, not significant; UAPI, umbilical artery pulsatility index.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019.
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SUPPLEMENTAL TABLE 2
Left ventricular comparison between study fetuses with a normal UAPI and CPR and fetuses with abnormal UAPI and/or CPR

Measurements

Left ventricle
normal UAPI and
normal CPR
N¼25

Left ventricle
isolated
abnormal UAPI
>90% N¼11

Significant
differences
between normal
and abnormal
UAPI

Left ventricle
isolated abnormal
CPR 10% N¼11

Significant
differences
between normal
and abnormal
CPR

Left ventricle
abnormal UAPI and
abnormal CPR N¼3

Significant
differences between
normal UAPI and
normal CPR and
abnormal UAPI and
abnormal CPR

Global contractility

Fractional area change
<5th centile

40% (N¼10) 36% (N¼4) NS 27% (N¼3) NS 67% (N¼2) NS

24-segment contractility

Base-segments 1e8
<5th centile

20% (N¼5) 18% (N¼2) NS 45% (N¼5) NS 67% (N¼2) NS

Mid-segments 9e16
<5th centile

24% (N¼6) 9% (N¼1) NS 27% (N¼3) NS 33% (N¼1) NS

Apical-segments 17e24
<5th centile

32% (N¼8) 18% (N¼2) NS 27% (N¼3) NS 67% (N¼2) NS

Longitudinal contractility

Longitudinal strain
(>95th centile)

32% (N¼8) 27% (N¼3) BA 27% (N¼3) BA 33% (N¼1) NS

Basal-apical
displacement fractional
shortening <5th centile

24% (N¼6) 18% (N¼2) NS 18% (N¼2) NS 67% (N¼2) NS

Basal-apical lateral wall
annular plane systolic
excursion <5th centile

24% (N¼6) 9% (N¼1) NS 27% (N¼3) NS 100% (N¼3) NS

Basal-apical septal wall
annular plane systolic
excursion <5th centile

12% (N¼3) 18% (N¼2) NS 18% (N¼2) NS 100% (N¼3) NS

Any abnormal
measurement

56% (N¼14) 45% (N¼5) NS 64% (N¼7) NS 100% (N¼3) NS

CPR, cerebroplacental ratio; NS, not significant; UAPI, umbilical artery pulsatility index.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019.
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SUPPLEMENTAL TABLE 3
Computation of the percent of SGA fetuses with significantly abnormal systolic function measurements using an analysis reported by DeVore et al1 for data
from Perez-Cruz (2015) Table 22

Systolic function measurements Control mean
Control standard
deviation SGA, mean

SGA, standard
deviation

Percent of fetuses
with values <5th centile

Percent of fetuses
with values >95th centile

Left ventricular systolic function

MAPSE, mm 6 1 5.3 0.9 15%

Left S’ tissue Doppler, cm/s 7.1 0.9 6.4 0.8 16%

Left ejection time conventional
Doppler, ms

170 10 163 11 19%

Left ejection time tissue Doppler, ms 175 16 167 16 13%

Left isovolumic contraction time
conventional Doppler, ms

30 5 34 6 24%

Left isovolumic contraction time tissue
Doppler, ms

38 7 41 9 17%

Right ventricular systolic function

Tricuspid annular plane systolic
excursion, mm

8.2 1.1 7.4 1.2 20%

Right S’ tissue Doppler, cm/s 8.1 1.2 7.4 1.3 16%

Right isovolumic contraction tissue
Doppler, ms

38 7 41 9 17%

MAPSE, mitral annular plane systolic excursion; SGA, small for gestational age.

DeVore et al. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol 2019.
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