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Abstract

Background: Traditionally, the placental functional integrity is suggested by indirect ultrasound measurements like
fetal growth, amniotic fluid index, and uterine and umbilical artery Doppler indices. Only recently the elasticity of
the placenta is studied as a measure of placental consistency and biomechanical prosperities and may reflect the
placental function. Shear wave velocity is the quantitative parameter of the shear wave elastography. A high-risk
pregnancy is a situation which puts the mother, the fetus, or both at greater risk than a normal pregnancy.

Results: The shear wave velocity (SWV) showed no significant difference between the placenta of normal
pregnancies in the second and third trimesters (0.85 + 043 m/s and 0.89 + 0.57 m/s, respectively). The placenta of
patients with preeclampsia/eclampsia had high SWV in the second and third trimesters (2.13 + 148 m/s and 2.23 +
148 m/s) with a highly significant difference from the normal placenta (P < 0.001). The placentas with abnormal
location (placenta previa) and penetration (placenta accreta) had higher SWV than the placenta of normal
pregnancies. The mean SWV for placenta previa was 1.1 + 0.74 m/s and 1.3 + 0.81 m/s in the second and third
trimesters, respectively, with a mildly significant difference with the normal placenta. The placenta accreta shows
high mean SWV in the second and third trimesters (1.6 = 0.65 m/s and 1.961.6 + 0.65, respectively) which differed
significantly (P < 0.001) from SWV in the normal placenta in the second and third trimesters.

Conclusion: Shear wave velocity measurement as the quantitative parameter of acoustic radiation force impulse
(ARFI) elastography reflects the placental elasticity in normal and high-risk pregnancies. The SWV increases in
conditions like hypertension, preeclampsia, maternal renal disease, and diabetes and reflects the structural and
biomechanical abnormalities in such diseases. High shear wave velocity correlates with the incidence of growth
restriction and abnormal Doppler parameters especially in the hypertensive disease. The virtual touch quantification
(VTQ) can be used as a complementary diagnostic and prognostic tool in high-risk pregnancy.

Keywords: Shear wave elastography, Shear wave velocity, Placenta, Acoustic radiation force impulse, Placental
insufficiency, Placenta accreta, Elastography

Background

The human placenta is the intermediate organ between
the mother and fetus characterized by rapid growth and
development, and it plays a pivotal role in the fetal oxy-
genation and nutrition [1]. Traditionally, the placental
functional integrity is suggested by indirect ultrasound
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measurements like fetal growth, amniotic fluid index,
and uterine and umbilical artery Doppler indices as well
as fetal Doppler indices in the middle cerebral artery,
fetal aorta, and ductus venosus. Many studies suggested
a limited value of ultrasound in screening of small for
date newborn and in prevention of maternal or fetal
complications [2—4]. The ultrasound and color Doppler
ultrasound evaluate the placenta from a hemodynamic
prospect, but the placenta can be studied from the
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biomechanical prospect like other tissues. Relatively,
recent studies suggested that the consistency and
biomechanical properties of the placenta in cases with
placental insufficiency differ from those of the normal
placenta and normal pregnancy [5, 6].

Elasticity as a physical property means the ability to
regain shape after the deforming force is removed. The
tissue stiffness reflects the biological and mechanical
properties of tissues and may be affected in conditions
like inflammation, fibrosis, or neoplasia [7]. Elastography
is the relevant tool in studying the elasticity and bio-
mechanical properties of tissues. Elastography has been
used in differentiation between benign and malignant
tissues in the breast [8, 9], thyroid [10, 11], and prostate
[12], as well as evaluation of liver fibrosis [13—15].

The main elastography techniques are the quasi-static
methods and dynamic methods. In the quasi-static
methods, a constant stress is applied to the tissue of
interest to generate a strain map or elastogram. Several
dynamic methods are currently available including
vibro-acoustography, acoustic radiation force impuse
(ARFI), transient elastography, and shear wave elasto-
graphy [16, 17].

Acoustic radiation force impuse (ARFI), which is a
relatively novel technique, provides both qualitative and
quantitative measuring of the tissue elasticity. The shear
wave velocity (SWV) is the quantitative parameter,
which was previously applied in liver, breast, lymph
node, and thyroid disease and masses. This method uses
acoustic radiation to generate vibrations and then calcu-
late the velocity of the laterally propagated shear waves.
This method provides quantitative data in real time and
has high reproducibility. The harder the tissue, the
higher the velocity [18, 19].

A high-risk pregnancy is a situation which puts the
mother, the fetus, or both at greater risk than a normal
pregnancy. The risk factors include maternal age, hyper-
tension, diabetes, renal impairment, hypo- and hyperthy-
roidism, morbid obesity, and other diseases.

Several studies have studied the role of elastography in
the evaluation of the placenta in small for date pregnan-
cies and preeclampsia. Most studies suggested high shear
wave velocities in both conditions. Yet, most was with a
limited number of patients with heterogeneous method-
ology [20-22].

The aim of the current study was to investigate the elas-
ticity of the placenta in normal and high-risk pregnancy
using quantitative shear wave elastography (qSWE) and
measurement of shear wave velocity (SWV).

Methods

Patients

This was a prospective study that was approved by the
local ethics committee, and informed consent was signed
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by all patients. A total of 470 pregnant females were in-
cluded in the study. One hundred sixty patients were in
the second trimester (18 to < 28 weeks gestation), and
the rest (310 patients) were in the third trimester (28
weeks or more). The study was conducted from October
2018 to March 2020. The number of patients and mean
age of patients in each group are listed in Table 1.

The mean age was 23.5 + 6.2 years (range, 18—37
years) in the second trimester group and 253 + 7.41
years (range, 19-42 years) in the third trimester group.
We included in the study in each group healthy
pregnant females and females with risk factors including
abnormal placentas (placenta preavia and placenta
accreta). Excluded from the study are females with
multiple gestations, patients with severe anemia, and
patients with retroplacental hematoma. In the third
trimester pregnancy, we could not perform elasticity
calculations in most posterior placentas.

Equipment

We used Acuson S3000 (Siemens, Erlangen, Germany)
equipped with a curved probe (4Cl1 Acuson) for
gray-scale, color Doppler, and ARFI elastography
measurements.

Gray-scale ultrasound

Normal fetal measurement and biometry were per-
formed including the biparietal diameter, head circum-
ference, femur length, and abdominal circumference.
The gestational age was based on the last menstrual
period and the crown rump length in the first trimester
ultrasound. The amniotic fluid index and the largest
vertical dimension of the amniotic fluid pockets were
measured and recorded (< 2 cm was recorded as oligohy-
draminose). The morphology, thickness, and site of the
placenta were recorded.

Color Doppler ultrasound

The uterine artery, umbilical artery, and the middle cere-
bral artery were examined. Doppler velocimetery was
performed at least three consecutive times in each ar-
tery. We measured mean resistive index, pulsitility index,
peak systolic velocity, and end-diastolic velocity in each
artery. The presence of notch in the uterine arteries was
recorded if present.

Virtual touch tissue quantification and SWV measurement
The SWV measurement was performed in the same sit-
ting with the gray-scale and color Doppler examinations.
The pregnant women were in the supine position and
were asked to stop moving and breathing quietly during
the measurement of the SWV. Plenty amount of gel was
used to prevent mechanical artifacts. We used the rect-
angular ROI, void of identifiable areas of degeneration,
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Table 1 Number and age of females with normal and high-risk pregnancies

Second trimester (160 patients)

Third trimester (310 patients )

No Age No age
Normal 45 (43.75%) 234+ 64 94 (30.32%) 244+ 23
Hypertension 11 (6.87%) 245 £ 7.1 36 (11.61%) 254+ 22
Preeclampsia/eclampsia 9 (5.62%) 248 + 65 46 (14.83%) 274 +56
Diabetes 3 (8.12%) 235+£75 17 (5.48%) 284+ 7.7
Placenta previa 8 (5%) 274 +88 1 (3.54%) 264 +59
Morbidly adherent placenta (MAP) 5 (3.12%) 284+ 69 15 (4.83%) 294 + 35
Thyroid disease 6 (3.75%) 334 £24 6 (1.93%) 284 £ 2.1
Renal disease 6 (3.75%) 304 £ 35 7 (2.25%) 334 £ 64
Auto-immune disease 7 (4.37%) 294 £ 47 8 (2.58%) 314 £ 80
Obesity 12 (7.5%) 284 £ 4.7 26 (8.38%) 314 £ 88
Teen age 19 (11.87%) 184+ 76 21 (6.77%) 192+ 7.1
Old primigravida 2 (7.5%) 394 +94 17 (5.48%) 404 £43
Cardiac disorders 7 (4.37%) 214 + 44 6 (1.93%) 254 + 54

or calcification with a fixed dimension of 1.0cm x 0.5
cm. Shear wave velocity (SWV) was measured in at least
five different ROIs for each placenta. The depth ranged
from 1.7 to 7.5 cm. The measurements were performed
at different sites and depths of the placenta. Measure-
ments were not performed at the site of cord insertion
and at placental margins. Also, sites of large blood
vessels were avoided. The interval between measure-
ments was 4-7 s, depending on machine system cooling.
The mean SWVs were calculated for each placenta,
expressed in meters per second (m/s). The non-valid
measurements were excluded, and at least five valid
measurements were recorded.

Statistical analysis
We used the SPSS software (version 16.0, SPSS Inc.) for
statistical analysis. The maximum and mean SWVs
within the ROI were expressed as the mean of different
measurements + standard deviation. Differences in age,
gestational age, fetal weight, Doppler indices in uterine,
umbilical and middle cerebral arteries, and the presence
of a diastolic notch were evaluated using the Mann-
Whitney U test. The SWV data were correlated to
Doppler indices using the Pearson correlation test.
Receiver operating characteristic curves were plotted
to check the best SWE cutoff value which predicts the
growth restriction or abnormal Doppler parameters, and
we calculated the sensitivity, specificity, positive predict-
ive value (PPV), and negative predictive value (NPV).

Results

Table 1 shows the number and age of patients involved
in the study. The study included 139 females (29.5%)
with healthy pregnancy. The females with essential

hypertension and preeclampsia were the largest group in
the high-risk group including 82 patients in the third
trimester (26.4% of patients in the third trimester) and
20 patients in the second trimester (12.5% of patients in
the second trimester). Thirty pregnant females (6.4% of
the entire studied group) with diabetes mellitus (of all
types) were involved in the study. Other major causes of
high risk in the study were morbid obesity (38 patients,
8% of the study population), teenager females (40 pa-
tients, 8.5%), and old primigravida (29 patients, 6.1% of
the study population). Also, the study included 39 with
abnormal placenta (either placenta previa or accreta),
representing 8.2% of the study population. The study
included 15 patients with auto-immune disease, all had
systemic lupus erythematosus.

The SWV showed no significant difference between
the placenta of normal pregnancies (Figs. 1 and 2) in the
second and third trimesters (0.85 + 0.43 m/s and 0.89 +
0.57 m/s, respectively). The placenta of patients with
preeclampsia/eclampsia had high SWV in the second
and third trimesters (2.13 + 1.48 m/s and 2.23 + 1.48 m/
s) with a highly significant difference from the normal
placenta (P < 0.001) (Fig. 3). The SWV velocities in
placentas of females with auto-immune disease, renal
disease, and old primigravida were higher than those in
the placenta of normal pregnancy, and the difference
was statistically significant. The shear wave velocities in
placentas of females with thyroid disease, obesity,
teenagers, and cardiac disease showed no statistically
significant difference with the SWVs in the placenta of
females with normal pregnancy. In females with essential
hypertension and diabetes, the SWV was significantly
higher in the third trimester but not in the second
trimester (Fig. 4; Table 2).
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Vs=0.61 m/s
Depth=4.5 cm

Fig. 1 Normal pregnancy aged 37 weeks. Normal anterior placenta, SWV = 0.61 m/s, depth 4.5cm
A

The placentas with abnormal location (placenta previa)
and penetration (placenta accreta) had higher SWV than
the placentas of normal pregnancies (Fig. 5). The mean
SWV for placenta previa was 1.1 + 0.74m/s and 1.3 +
0.81 m/s in the second and third trimesters, respectively,
with a mildly significant difference with the normal
placenta. The placenta accreta shows high mean SWV in

the second and third trimesters (1.6 + 0.65m/s and
1.961.6 + 0.65 respectively) which differed significantly
(P < 0.001) from SWYV in the normal placenta in the
second and third trimesters (Table 2).

In the current study, 19 of the patients with pre-
eclampsia had growth restriction and the rest (36
patients) had normal growth. The min SWV, max SWV,

¥ —

Fig. 2 Normal pregnancy aged 37 weeks. Normal posterior placenta, SWV = 0.93 m/s, depth 6.0 cm
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Fig. 3 Pregnancy with preeclampsia, gestational age 33 weeks, and estimated fetal. Weight 1.9 kg. a Grade Il posterior placenta with SWV = 2.31
m/s, depth 6.2 cm. b Normal Doppler flow in the umbilical artery with RI 0.6. In the current study, in the placenta of pregnancies complicated by
preeclampsia, the SWV was higher than the normal placenta, even with normal Doppler flow

AT

and mean SWYV in placentas of females with preeclamp-
sia/eclampsia were higher in cases complicated with
growth restriction than in cases with normal growth
(P < 0.001), and also, there was a positive correlation
between the high SWV and the growth restriction
(Table 3). The difference in SWV was more signifi-
cant and more correlated with growth restriction than
Doppler indices (Fig. 6).

Also, the min SWV, max SWV, and mean SWV in
placentas of females with high-risk pregnancies were
higher in cases of females with abnormal Doppler flow
than in high-risk pregnancies with normal Doppler flow
(P < 0.001, Table 4).

The area under the curve (AUC) for the diagnosis of
preeclampsia and/or growth restriction in the studied
population was based on mean SWV acquired from the
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Fig. 4 Pregnancy with diabetes and macrosomia, gestational age 35 weeks, and estimated fetal. Weight 4.2 kg. a SWV = 1.34 m/s, depth 4.5cm. b
Normal flow in the umbilical artery. In the current, the pregnancies with diabetes showed only mild increased elasticity in the third trimester
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placenta (Fig. 7). The cutoff value maximizing the accur-
acy of diagnosis was 1.35m/s (AUC, 0.906; 95% confi-
dence interval, 0.798-1.015); sensitivity, specificity, PPV,
NPV, and diagnostic accuracy of this cutoff value were
91.3%, 86.4%, 72.7%, 75.4%, and 86.4%, respectively.

Discussion

In the last few years, the elasticity of the placenta and
SWV has been studied in the normal placenta [23, 24]
and in pregnancies complicated with preeclampsia [25-

27], diabetes [28], fetal anomalies [21], and placenta
accreta [29]. The normal placenta is a soft organ; it is
softer than the breast and liver with the SWV in the
normal placenta is less than the SWV in both organs
[30, 31]. In a recent ex vivo study, Simon et al. suggested
that the placental insufficiency alters the placental elasti-
city or the reverse. The changes which affect the
placenta in different conditions like placental infarcts,
sclerosis of the placental arterioles, excess fibrin depos-
ition in the villi, and the change in the number of villi
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Table 2 Comparison of VTQ (SWV) in the second and third trimester pregnancies in normal and high-risk pregnancies

SWV in the second trimester group

SWV in the third trimester

Min-max Mean + SD P value Min-max Mean +SD P value
Normal 0.59-1.46 0.85 + 043 NA 0.73-2.11 0.89 + 057 NA
Hypertension 0.66-1.62 095 + 0.65 043 0.86-2.92 123 +£072 0.01
Preeclapsia/eclampsia 1.26-3.72 213 +£148 < 0.001 1.34-4.12 223 £148 < 0.001
Diabetes 0.74-2.45 094 +1.21 0.06 0.82 =291 1.3 £ 081 < 0.05
Placenta previa 0.74-2.11 1.1 +074 0.05 0.92-2.71 1.6 £ 081 0.03
Morbidly adherent placenta (MAP) 1.1-231 16 + 065 0.001 14-2.62 196 £ 0.71 0.001
Thyroid disease 0.73-1.63 091 £ 054 0.53 0.67-1.73 093 = 054 047
Renal disease 091-25 151 +£ 065 < 0.05 1.01-2.62 141 + 0.66 < 0.05
Auto-immune disease 1.03-33 1.98 £ 0.71 < 0.001 1.24-3.72 1.98 + 0.71 < 0.001
Obesity 0.82-1.75 093 + 0.56 0.37 0.89-1.75 0.99 = 0.71 045
Teen age 0.64-1.81 083 = 47 0.73 0.78-1.69 0.89 = 63 05
Old primigravida 1.12-2.71 135+ 0.64 0.02 1.31-3.31 155+ 059 0.01
Cardiac disorders 0.76-2.21 092 + 0.54 032 091-2.01 092 + 034 0.5

will lead to change in biomechanical properties of the
placenta and will affect its function [32]. The increase in
placental thickness in cases with high body mass index
(BMI) and diabetes may also increase the stiffness of the
placenta and affect its function [33, 34].

In the current study, the mean SWV in the normal
placenta in the second and third trimester pregnancies
was 0.85 + 043 m/s and 0.89 + 0.57 m/s, respectively,
with no significant difference in placental elasticity be-
tween the second and third trimesters. Our results are in
agreement with Wu et al. who reported no significant
difference in SWV between the second and third trimes-
ters, though they reported mildly higher velocities (0.978
+ 0.255m/s vs. 0.987 + 0.266 m/s in the second and
third trimesters, respectively).

Hypertensive disorders with pregnancy are a major
cause of maternal and fetal morbidity and mortality.
Abnormal placentas are presumed to play a role in the
development of preeclampsia [22]. Our results showed
that the placental stiffness expressed as high VTQ and
SWV was significantly higher in preeclampsia than in
normal pregnancies. Furthermore, the SWV was signifi-
cantly higher in hypertensive patients with growth
restriction than pregnancies with normal fetal growth.
Akbas et al. [35] in a recent study including 156 patients
found a significantly higher SWV in the placenta of
pregnancies with growth restriction than pregnancies
with normal growth, and they concluded that in the
growth-restricted pregnancies, the placentas tend to be
stiffer. Also, Sugitani et al. observed that the SWV in the
placentas of hypertensive growth-retarded pregnancies
was higher than that in normal placentas, but they stud-
ied ex vivo placentas [36]. Also, in a recent study, Saw
et al. [37] studied the mechanical properties of 46

normal placentas and 43 growth-retarded placentas
ex vivo and they found placentas of growth-retarded
pregnancies slightly stiffer than normal placentas. The
structural abnormalities of the placenta in preeclampsia
are thought to result from inadequate and unsuccessful
cytotrophoblast and trophoblast invasion of the myome-
trium associated with spiral artery remodeling, resulting
in placental hypoxia, ischemia, syncytial knots, placental
infarcts, vasculopathy, and placental erythroblastosis as
well as excessive fibrin deposition. All these factors will
lead to increase placental stiffness [38, 39].

In the current study, we found no significant differ-
ence in SWV between normal pregnancies and diabetic
pregnancies in the second trimester and only mild
increased elasticity in the third trimester. Our results are
similar to those of Bildac et al. [40], who observed no
significant difference between the SWV in the placenta
of control and diabetic females between 24 and 28 weeks
of gestations (P > 0.5). On the other hand, the relative
increased stiffness and shear wave velocity in the third
trimester can be explained by previous reports suggest-
ing focal thickening of the trophoblastic basement mem-
brane, villous immaturity, and ischemia of the placenta
in diabetic pregnancies [41, 42].

Morbidly adherent placenta (MAP), with its three
types, the accreta, increta, and percreta, is a significant
risky condition which is now common after the in-
creased number of cesarian sections. Currently, the first
line for diagnosis of MAP is the ultrasonography and
color Doppler ultrasound with reasonable sensitivity of
91% and specificity of 97% [43], and MRI is used only in
questionable and inaccessible cases like posterior
placenta and very obese females [44]. In the current
study, the morbidly adherent placenta (MAP) had higher
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significant increased SWV (elasticity) than normal placenta
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Fig. 5 Pregnancy with placenta preavia and accreta, gestational age 27 weeks. a Color Doppler ultrasound shows placenta previa centralis, with
lamellated flow in the utero-vesical pouch. b SWV = 2.27 m/s, depth 4.8 cm. In the current, the pregnancies with placenta accreta showed

Table 3 Correlation between the mean SWV and Doppler indices in hypertensive disease (essential hypertension and preeclampsia/

eclampsia) with normal growth and with growth restriction

Hypertensive disease with normal growth Hypertensive disease with growth restriction P value r value
Min SWV 066 + 045 094 + 045 < 0.001 0654
Max SWV 2.1 +£096 25+£1.22 < 0.001 0.745
Mean SWV 121 £0.76 251 £087 < 0.001 0.701
Umbilical artery RI 065 +0.12 082 £0.14 <001 0352
Umbilical artery Pl 1.56 + 0.34 27 £087 0.05 0452
Uterine artery RI 0.71 £ 045 087 +0.11 <001 0.712
Uterine artery PI 143 + 065 251 +£ 065 < 005 0.512
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Fig. 6 Pregnancy with severe preeclampsia, gestational age 36 weeks, and estimated fetal. Weight 2.5 kg. a SWV = 2.00 m/s, depth 8 cm. b
Reversed diastolic flow in the umbilical artery. ¢ High diastolic flow in the middle cerebral artery (redistribution). In the current study, the SWV
showed a strong correlation with the growth restriction and abnormal Doppler parameters
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Table 4 Comparison between SWV in the placenta of high-risk pregnancy with normal and abnormal Doppler flow

High-risk group with normal Doppler High-risk group with abnormal Doppler indices P value r value
Min SWV 0.71 £ 0.65 154 £ 0.75 < 0.001 0.754
Max SWV 23 £ 096 29+ 143 < 0.001 0.765
Mean SWV 142 £ 0.76 262 + 087 < 0.001 0731

SWV than normal placentas and placenta previa, and
the difference of VTQ from the normal placenta was
significant (P = 0.001). Our results are similar to those
of Cim et al. [45] in a study which included 58 pregnant
females with suspected MAP observed that the SWV in
the placentas with abnormal attachment at operation
was higher than that in normal placentas, and the differ-
ence was statistically significant (P < 0.001). Also, the
elastography can be used to delineate the areas of the
placenta with abnormal attachment [46], but it cannot
determine the depth of invasion [47].

Based on the results of the present study, the cutoff
value for prediction of preeclampsia and/or growth re-
striction was 1.35m/s. In a recent study by Fujta et al.
[26], the best cutoff value for prediction of preeclampsia
was 1.188m/s, and they concluded that below their
cutoff value the risk of developing preeclampsia is
considered low.

In the current study, we found high SWV in the pla-
centa of old primigravida, and the difference from the
normal placenta was significant. To the best of our
knowledge, there were no previous reports about the ef-
fect of maternal age on placental elasticity. On the other

hand, obesity and teen age had no effect on placental
stiffness.

In the current study, the mean SWV in the placenta
was higher in growth restriction, abnormal Doppler indi-
ces, preeclampsia, and auto-immune disease than other
causes of high-risk pregnancy. Also, the mean shear
wave velocity in placenta accreta was higher than that in
placenta previae.

Our study has several limitations. We did not have
histopathological examination of the placentas, and no
correlation between placental micro-architecture and
SWYV was made. No correlation was studied between the
sites of ROIs and the SWVs. We placed the ROI ran-
domly. No intra-observer or inter-observer variations
were studied. Also, we did not correlate the VTQ with
morphological characters of the placenta like grade,
thickness, and presence of calcification. The sample size
for some diseases like thyroid disease with pregnancy
was relatively small.

Conclusion
Shear wave velocity measurement as the quantitative
parameter of ARFI elastography reflects the placental

100%— /
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Fig. 7 Receiver operating characteristic curve for prediction of preeclampsia and/or growth restriction and abnormal Doppler. The cutoff values
for predicting preeclampsia and the area under the curve were 1.35m/s and 0.906, respectively
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elasticity in normal and high-risk pregnancies. The SWV
increases in conditions like hypertension, preeclampsia,
maternal renal disease, and diabetes and reflects the
structural and biomechanical abnormalities in such
diseases. High shear wave velocity correlates with the
incidence of growth restriction and abnormal Doppler
parameters especially in the hypertensive disease. The
VTQ can be used as a complementary diagnostic and
prognostic tool in high-risk pregnancy.
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