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Using shear wave elastography
to assess uterine tonicity
after vaginal delivery

Joanna Sichitiu'*, Jean-Yves Meuwly?, David Baud* & David Desseauve?

This study aims to evaluate the feasibility and clinical interest of shear wave elastography, by
quantitatively estimating the baseline stiffness of the myometrium before and after placental
expulsion. We conducted a prospective cohort study of women at term, without known risk factors for
postpartum hemorrhage, who gave birth via spontaneous labor in our tertiary center. Myometrium
tonicity was evaluated based on measurements of shear wave speed (SWS) in the anterior uterine
corpus. All data points were collected by a single operator. Measurements were carried out at

three different time points: after fetal delivery (T1), after placental delivery (T2) and 30 min after
placental delivery (T3). Our primary objective was to assess the feasibility of this new imaging
technique. Ten valid SWS measurements obtained at each of the three different time points were
considered as a positive primary outcome. Our secondary objectives were to evaluate the difference
in median myometrial shear wave velocity between each time point, as well as to determine the
correlation between myometrial shear wave velocity and patients’ characteristics. 38 women were
recruited during the study period, of whom 34 met the study criteria. 1017 SWS measurements

were obtained. The median time to perform measurements was 16 s for one value, and 2 min 56

s for ten. For 11 women (32%) it was not possible to achieve ten SWS at T1 as placental expulsion
immediately followed the birth of the newborn. One patient experienced placental retention and only
measurements at T1 were performed. For all other patients, we were successfully able to obtain all
measures as intended. There was no difference in the mean shear wave speed between the three time
points. After adjustments for confounders, we observed a significant correlation for total blood loss
(correlation coefficient= - 0.26, p<0.001, units of oxytocin (correlation coefficient=- 0.34, p=0.03),
and newborn weight (correlation coefficient=- 0.08, p=0.001). It is feasible to assess uterine tonicity
by shear wave imaging, after placental expulsion. We did not observe a variance in uterine tonicity
between the three time points. Women who had higher blood loss, received more units of oxytocin
and/or those with newborns of a higher weight exhibited lower shear wave speed measures.

Postpartum hemorrhage (PPH) is critically dependent on myometrial contraction and relaxation during and
following the third stage of labor. In the absence of this physiological process, uterine atony leads to significant
maternal morbidity and mortality’. Uterine atony accounts for more than two thirds of all cases of PPH. However,
compared to other common causes, such as maternal perineal laceration, coagulopathy and retained placenta,
controlling uterine atony proves more challenging®=. Even though multiple risk factors of uterine atony have
been described throughout the literature (past history of PPH, grand multiparity, multiple pregnancy, hydram-
nios, fetal macrosomia, use of oxytocin for labor induction or augmentation, labor induction, prolonged labor,
protracted second stage of labor, chorioamnionitis, obesity, previous uterine scar)*™®, it often occurs among
patients with no risk factors’. Indeed, predictive probability of uterine atony remains low®’. Identification of
at-risk women would allow us to anticipate PPH, apply appropriate preventative and therapeutic measures, and
lead to a reduction in adverse maternal outcomes'’. Instead of monitoring uterine contraction, which exhibits
variance between women''"'?, we hypothesize that baseline uterine muscle tone could predictive of uterine
atony. Evaluation of uterine tonicity by manual palpation has been shown to be subjective and inaccurate!*'5,
highlighting the requirement for new, accurate and easy-to-use technologies in this field.

In the last few years, studies on the application of elastography in obstetrics have focused on the prediction
of preterm delivery'®7, success of labor induction'®, elasticity change of the myometrium during labor'® and
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placenta pathologies'*?. Elastography, both the quasi-static (strain) and dynamic methods, allows a biomechani-
cal definition tissue stiffness by evaluating the correlation between stress and strain i.e. the force applied to and
the resultant deformation of the tissue?'. Quasi-static elastography involves manipulation of the transducer to
compress the tissue, with an elastogram illustrating the degree of deformation between this and the neighbouring
unstressed tissue. The subjectivity of this method is a major disadvantage, with human factors playing a large role
in both data acquisition and analysis®'. The methods necessary for dynamic elastography, by comparison, are
more objective and easily reproducible, as they are independent of operator variance?'. A shear wave is produced
by applying an acoustic force to the tissues, and its speed is determined by ultra-speed ultrasound scan. Either
acoustic radiation force (i.e. point shear wave elastography and 2-D shear wave elastography) or external vibrators
may be used to manufacture the shear wave?!. Shear wave speed (SWS) is proportionally related to tissue stiff-
ness; the stiffer the tissue, the faster the wave’s propagation speed?’. Tissue elasticity evaluation can be expressed
as either shear wave speed (m/s) or Young’s Modulus (kPa). The Young’s Modulus (E) can be directly calcu-
lated from the shear wave velocity (V, in m/s) by the equation E=3pV 2, p being the density (~ 1000 kg m™)'8.
However, this calculation is only valid in an isotropic medium, and the myometrium may be considered
anisotropic'®. Therefore, in this study tissue elasticity will be expressed in terms of shear wave speed.

Despite shear wave elastography being a widely used imaging technique in a range of medical fields, some
limitations exist. Indeed, to obtain an accurate measurement of shear wave speed, there is a need for satisfactory
displacement of tissue by the shear waves as well as an adequate signal-to-noise ratio?>. These can be affected
by a number of factors such as: limited penetration, reverberations, tissue architecture and anisotropy, motion
artefacts, and pulsatile artefacts due to large blood vessels*>**. In this context, a prospective study is warranted
to assess the technical feasibility of myometrium shear wave velocity measurement and its correlation to blood
loss in the postpartum period before any clinical applications of this technique.

The primary objective of this study was to evaluate the feasibility and clinical interest of shear wave elastog-
raphy, by quantitatively estimating the baseline stiffness of the myometrium during the third stage of labor and
after placental expulsion.

Material and methods

Study population. This is a prospective feasibility study conducted in the Maternity unit of the Lausanne
University Hospital between June and November 2019. Women without known risk factors for PPH, above 37
weeks of gestation and giving birth after a spontaneous labor in our center were invited to participate. As limited
data exists concerning evaluation of myometrial stiffness by elastography during the third stage of labor and after
placental expulsion, patients at higher risk of uterine atony were excluded. Therefore, the exclusion criteria were
as follows: multiparity, protracted second stage of labor (more than 3 h from full dilatation to delivery), admin-
istration of more than 3 units of oxytocin during the second stage of labor, more than 30 min of active pushing,
BMI > 35 kg/m?, women above 35 or under 18 years old, induction of labor, instrumental deliveries, antepartum
hemorrhage in the current pregnancy, polyhydramnios, diabetes, pre-eclampsia, high blood pressure, clinical
chorioamnionitis, placental abnormality (low-lying or abruption), fetal macrosomia, uterine fibroids, uterine
anomalies, previous uterine scar, multiple pregnancy, bleeding disorders, and use of anticoagulant medications.
In our unit, as per protocol, women stay at full dilatation for up to 3 h before active pushing. Active management
of the third stage of labor was performed for every patient, by routinely administrating a prophylactic 5 Ul intra-
venous oxytocin bolus after delivery of the anterior shoulder. The patient was monitored for 2 h after placental
delivery in the labor suite, as usual.

All participants provided written informed consent before the shear wave measurements were performed.
This study was approved by the local IRB (Ethical Commission of the Canton of Vaud, Switzerland, 2018-02267).
All methods/experiments were carried out in accordance with relevant guidelines and regulations (Declaration
of Helsinki).

Measurements. The point shear wave measurements were performed using the ElastPQ module on a
Philips iU22 ultrasound system with a C5-1 curvilinear transducer (1 to 5 MHz). The measurements were car-
ried out by the same operator at three different time points: after fetal delivery (T1), after placental delivery (T2)
and 30 min after placental delivery (T3) (Fig. 1). The operator was able to select the region of interest (ROI) over
a B-Mode US image. The ElastPQ module permits only a predefined size of ROI (15x 5 mm). The myometrium
was sonographically identified as a homogeneous echogenic layer between the serosa and the decidua®. A mid-
sagittal view was performed with continuous visualization of the uterus. To assure consistency in obtaining a
mid-sagittal plane of the uterus when the placenta was in situ, the maternal abdominal aorta was used as a refer-
ence point, as previously described®. After placental expulsion, a continuous and linear endometrial stripe was
the preferred reference point to ensure a midsagittal view (Supplementary Figure S1). SWS was determined at a
single site, at the anterior uterine corpus. Each measurement was taken halfway between the serosa of the uterus
and the endometrial cavity. At least 10 valid measurements were performed, maintaining the probe in place for
each assessment, and quantified in meters per second. If measurement reliability was low, “0.00” was displayed
on the screen, meaning tissue could not be detected. If 10 valid measurements are not obtained after 15 attempts,
the assessment was deemed unsuccessful. The maximum depth at which the ElastPQ system can calculate shear
wave speed is 8 cm*. Distance between the skin and the uterine point of focus was therefore sonographically
measured.

Outcomes. Our primary objective was to assess the feasibility of shear wave elastography of the uterus in
the third stage of labor and immediate postpartum. Ten valid SWS measurements obtained at each of the three
different time points (T1, T2, T3) were considered as a positive primary outcome. Secondary outcomes included:
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Figure 1. Ultrasound shear wave elastography images. Shear wave measurement at the different time points.
(A) Before placental expulsion. (B) Immediately after placental expulsion. (C) 30 min after placental expulsion.
Pink outline illustrates the placenta. Blue outline illustrates the uterine cavity.

the difference in median myometrial shear wave velocity between each time point and the correlation between
myometrial shear wave velocity and other variables (total blood loss, maternal age, BMI, body weight, depth of
measurement, gravidity, gestational age, labor duration, duration of second stage and third stage, duration of
active pushing, units of oxytocin given throughout labor and newborn weight).

Relevant demographic, obstetrical and neonatal characteristics were collected from the patients’ medical
charts. Total blood loss was quantified by collector bags placed under the mother’s pelvis after fetal delivery, and
then with sanitary pads once the placenta was delivered and perineal tear suturing was completed. Measurement
of blood loss by sanitary pads was performed by weighing the pads on a digital scale.

Statistical analysis. The power calculation was based on the study performed by Tanaka et al., the only
report to date investigating uterine shear wave velocity in the postpartum period”. We calculated that 38 patients
would provide the study with a power of 90%, assuming that the mean uterine shear wave speed after placental
expulsion would be 33% higher than the before the expulsion, with a standard deviation of 0.85 and a two-sided,
type 1 error rate of 0.05.

Continuous data was reported as mean = SD or median (interquantile range). A Shapiro Wilk test was used
to assess the normality of the distribution of variables. As distribution was not normal, difference in myometrial
shear wave velocity between each time point (after fetal delivery, after placental delivery and 30 min after pla-
cental delivery) was tested for statistical significance using the Kruskal-Wallis test. Variance was used to assess
the variability in our SWS measurements.

The coeflicient of determination R? between shear wave velocity and total blood loss was assessed by simple
linear regression. The correlation coefficient between myometrial shear wave velocity and other variables (total
blood loss, maternal age, BMI, body weight, depth of measurement, gravidity, gestational age, labor duration,
duration of second stage and third stage, duration of active pushing, units of oxytocin given throughout labor
and newborn weight) was assessed by using a generalized linear mixed model (GLMM) with a univariate and
multivariate analysis. Variables included in the multivariate analysis were selected according to their clinical
relevance and had a p value of less than 0.20 in the univariate analysis.

A two tailed p value of less than 0.05 was considered to indicate statistical significance. All analyses were
performed using STATA software (version 14IC; Stata corporation, College Station, TX).
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Demographic and baseline characteristics
(n=34)

Maternal age (years) 30 [6]
Gestational age (weeks) 40 [2]
Gestity 1.0 [2]
BMI (kg/m?) 26.8 [3.2]
Depth of measurement (cm) 4.8 [0.8]
Units of oxytocin (UI) 0.7 [0.9]
Blood loss (ml) 260 [180]
Newborn weight (g) 3395 [440]
Labor duration (min) 300 [204]
Duration passive 2nd stage (min) 150 [60]
Duration active 2nd stage (min) 18 [18]
Duration 3rd stage (min) 12 [12]

Table 1. Demographic, obstetrical and neonatal characteristics. Data are presented as median values
[interquartile range].
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Figure 2. Box-and-whisker plot showing shear wave speed mean and median at the three different time points.
T1: measures after fetal delivery, T2: measures after placental delivery, T3: measures 30 min after placental
delivery.

Results

During the study period, a total of 38 women were recruited to participate. However, only 34 fulfilled the
inclusion criteria as 4 women had an instrumented vaginal delivery. Demographic, obstetrical and neonatal
characteristics of participants are illustrated Table 1. The median age was 30 years, gestational age 40 weeks, and
BMI was 26.8 kg/m?. 28 women (82.4%) were given an intravenous infusion of oxytocin during the second stage
of labor, with a median 0.7 units. The median total blood loss was 260 ml. Two women (5.8%) presented with
post-partum hemorrhage, one during the following 2 h surveillance period in the labor ward, and the other in
the context of placental retention.

A total of 1017 SWS measurements were obtained. For 11 women (32%), it was not possible to measure 10
shear wave velocities at T1 as placental expulsion immediately followed the birth of the newborn, allowing insuf-
ficient time to perform the ultrasound examination. However for these 11 patients, measurements at T2 and T3
were successful. As mentioned above, one patient experienced placental retention complicated by postpartum
hemorrhage and only the first SWS measurement (before placental expulsion) was performed. For all other
patients, we were successfully able to obtain all required data points.

A large variation in shear wave velocities was observed for all patients and time points (Fig. 2). The median
acquisition time to obtain 10 valid measurements was 3 min 01 s for T1, 2 min 57 s for T2, and 2 min 46 s for
T3. The overall mean SWS was 1.91 £1.36 m/s with a variance of 1.86. Mean SWS was 1.8 +1.5 m/s, 2.2+ 1.4
m/s, and 1.7+ 1.2 m/s for T1, T2 and T3 respectively. The variance at each time was similar. There was no sig-
nificant difference in the shear wave speed measured at the uterine anterior corpus between the three different
time points (p=0.49).

We found a significant relationship, by simple linear regression, between total blood loss and mean SWS
before placental expulsion (p <0.001), but with a low R* value (0.25) suggestive of variability, as illustrated in
Fig. 3a. Similar observations were made for mean SWS, both after placental expulsion (p<0.001, R*=0.09,
Fig. 3b) and at 30 min after placental delivery (p<0.001, R*=0.11, Fig. 3c). In the generalized linear mixed
model, the correlation between mean SWS and total blood loss remained significant in univariate (r=— 0.27,
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Figure 3. Mean SWS and total blood loss. Relationship between mean SWS and total blood loss between at the
three different time points. The figure illustrates the “FitPlot” consisting of scatter plots of the data overlaid with
the regression line, and 95% confidence interval. Correlation coefficients are reported (R?). (A) Before placental

expulsion. (B) Immediately after placental expulsion. (C) 30 min after placental expulsion.

Univariate analysis Multivariate analysis
Correlation coefficient with mean shear wave speed (95%

Correlation coefficient with mean shear wave speed (95% CI) | p CI)? P
Maternal age —0.01 [- 0.06; 0.04] 0.67
Gestational age 0.002 [- 0.22; 0.23] 0.98
BMI —0.08 [-0.12; 0.03] <0.001 |-0.05[-0.13;0.02] 0.10
Depth of measurement —0.50 [- 0.67; — 0.33] <0.001 | —0.18 [-0.50;0.13] 0.27
Labor duration —0.04 [- 0.09; 0.002] 0.05 0.04 [- 0.04; 0.11] 0.55
Duration passive 2nd stage —0.98 [- 0.23; 0.03] 0.13 0.02 [- 0.02; 0.05] 0.64
Duration active 2nd stage - 0.18 [- 0.79; 0.42] 0.55
Duration 3rd stage —0.56 [— 1.18; 0.06] 0.07 —0.40 [- 1.32; 0.53] 0.67
Units of oxytocin —0.20 [- 0.35; — 0.05] 0.008 | —0.34 [- 0.62; — 0.05] 0.03
Total blood loss —-0.27 [~ 0.35; — 0.19] <0.001 |-0.26 [-0.41;-0.11] <0.001
Newborn weight ~0.05 [~ 0.08;— 0.01] 0.005 | - 0.08 [~ 0.12; — 0.03] 0.001

Table 2. Correlation coeflicients with mean SWS. BMI body mass index, CI confidence interval. * Adjusted for
body mass index, depth of measurement, labor duration, duration passive 2nd stage, duration 3rd stage, units
of oxytocin, total blood and newborn weight.

p<0.001) and multivariate analysis (r=— 0.26, p <0.001). Concerning the other parameters, the univariate analy-
sis illustrated a correlation between mean SWS and BMI (r=- 0.08, p <0.001), depth of measurement (r=- 0.50,
p<0.001), units of oxytocin (r=— 0.20, p=0.008), and newborn weight (r=— 0.05, p=0.005). After adjustments
for confounders, we observed a correlation only for units of oxytocin (r=— 0.34, p=0.03), and newborn weight
(r=-0.08, p=0.001) as shown in Table 2.

Scientific Reports |

(2021) 11:10420 |

https://doi.org/10.1038/s41598-021-89756-6 nature portfolio



www.nature.com/scientificreports/

Discussion

In this prospective study, we illustrated that measurement of SWS at the uterine anterior corpus after placen-
tal expulsion is feasible. Furthermore, the association analysis showed correlations between SWS and units of
oxytocin administered, newborn’s weight, as well as total blood loss. No significant difference was found in the
mean SWS between the three time points.

Physiological changes of the uterus in the postpartum period are still not yet fully understood®. The descrip-
tion in the literature of normal uterine involution focuses on either maternal palpation or ultrasound measures of
the uterus?®?. By contrast, we described the basal myometrial tone quantitatively, and its evolution throughout
the third stage of labor as well as the immediate postpartum period. It was not possible to perform measurements
between fetal delivery and placental expulsion in a large part of our population (32%), given an insufficient time
interval of less than 2 min. Thus, it was deemed not feasible to evaluate the SWS before placental expulsion.
Otherwise, we were able to obtain ten measurements immediately following placental expulsion and 30 min
after placental delivery.

This study is the first to report known risk factors of uterine atony (units of oxytocin received and newborn
weight), with reference to an objective quantification of uterine stiffness. We specifically selected a patient cohort
presenting with a low risk for uterine atony, as we wanted to obtain data on uterine elasticity in a physiological
third stage of labor and immediately post-partum. Therefore, we could not investigate the association between
myometrial elasticity and other classical risk factors, such as labor dystocia, increased maternal age, multiple
pregnancy, induction of labor and hydramnios®.

We need to be cautious with the interpretation of our results for the following reasons. Only one previous
study has investigated uterine stiffness by elastography during the third stage of labor and in the postpartum
period. Tanaka et al.”’, examined shear wave velocity in the uterine corpus before, immediately after, and 1 and
2 h after placental delivery in 11 patients. In contrast to our results, the authors illustrated that the stiffness of
the uterine corpus changed significantly over time, and was significantly higher immediately following, and 1
and 2 h after placental delivery, as compared with before placental delivery. These contraindicatory results may
be due to the presence of variability in shear wave speed measurement between our study and that of Tanaka
et al.?”” The authors did not report such variability in their measurements, however only 3 valid measures were
performed per patient, in contrast to the 10 measures performed in our study. Furthermore, similar variability
in SWS was found in studies regarding the myometrial elasticity during labor'®, and cervical elasticity™. It has
been previously illustrated that shear wave propagation is highly sensitive to tissue anisotropy, which might
explain this variability*"*2. In contrast to an isotropic medium such as that found in the liver, where the shear
waves propagate at the same speed in any direction, this is not the case in anisotropic tissue. Indeed, in aniso-
tropic media such as the myocardium, brain, muscle and uterus, the fibers’ structure induce different shear wave
speeds along the direction of propagation®"*2. SWS are higher when travelling parallel rather than perpendicular
to the fibers®!. Magnetic resonance diffusion tensor imaging illustrated that anisotropy is present in most parts
of the uterus®**. A preliminary study on one pregnant patient also showed the presence of anisotropy by 2-D
shear wave elastography, demonstrating variation of uterine elasticity as a function of the angle of rotation of
the probe®. Lee et al. were able to identify the fiber orientation in the myocardium using shear wave imaging by
rotating the transducer at different angles around a symmetrical axis. In this study, anisotropy was not explored,
as we did not alter the angle of the probe during measurements. Further studies are needed to explore this ques-
tion, in order to standardize elastographic measurement of the uterus.

Another explanation for this variation in our SWS measurements is the possible cyclic variation of uter-
ine contraction during the immediate post-partum period, which was neither explored in our study nor by
Tanaka et al”. It has been shown that during this period, uterine contractions were variable in intensity and
frequency!'>*. The uterus was relaxed between contractions. Some measurements may have been taken during
contractions, while others not. A simple investigation would be to monitor the uterine activity by tocodynamom-
eter or intrauterine pressure catheters in parallel to SWS measurement, as a correlation between elastographic
and tocometric values have been demonstrated’®.

We should bear in mind that despite shear wave imaging being an interesting technique, as a safe, quick
and non-invasive tool to appraise tissue elasticity, it has shown some drawbacks in studies of other anisotropic
organs. The kidney represents an apt example. Multiple articles have been published regarding the investigation
of the normal and abnormal kidney by this technique, which resulted in conflicting results regarding its clinical
usefulness and reproducibility?**!. Currently, some authors question if any of the literature on renal shear wave
elastography is accurate®®. Unique shear wave generation pulsing technology with specific processing algorithms
adapted to the kidney are being developed, and may be able to overcome the issue of SWS variability®?. Similar
processes may be required with regard to the investigation of uterine elasticity.

Furthermore, previous phantom studies and on healthy volunteers reported that the depth of measurement
had an influence on the shear wave speed”. In our study, the median depth of measurement was 4.8 cm (IQR
0.8). We did not find a significant correlation between depth of measurement and SWS in the multivariate
analysis. This is concordant with other reports, as both consistency and success rates of stiffness measurements
were greater at 3-5 cm from the probe, compared to relatively shallower (<3 cm) or deeper (>5 cm) positions®’.
Acquisition of elastographic imaging at deeper locations could be difficult due to decreased accuracy and reli-
ability, which could limit the usage of this technique with obese parturients.

Conclusion

It is feasible to assess uterine stiffness by shear wave imaging, after placental expulsion. However, investigation
of the elasticity of the uterus is still in its pioneer phase, with the presence of high variability in measurements.
Further studies are required to enhanced the accuracy of this technique before the implementation in clinical
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settings, notably by developing a specific shear wave elastography processing algorithm adapted to the viscoelastic
proprieties of the gravid uterus.

Received: 29 October 2020; Accepted: 30 April 2021
Published online: 17 May 2021

References

1.

10.
11.
12.
13.
. Arrabal, P. P. & Nagey, D. A. Is manual palpation of uterine contractions accurate?. Am. J. Obstet. Gynecol. 174, 217-219 (1996).
i
17.
18.
19.
20.
21.
22.
23.

24.

25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

Khan, K. S., Wojdyla, D, Say, L., Giilmezoglu, A. M. & Van Look, P. E. WHO analysis of causes of maternal death: A systematic
review. Lancet 367, 1066-1074 (2006).

. Callaghan, W. M., Kuklina, E. V. & Berg, C. J. Trends in postpartum hemorrhage: United States, 1994-2006. Am. J. Obstet. Gynecol.

202(353), el-6 (2010).

. Sentilhes, L. et al. Postpartum haemorrhage: Prevention and treatment. Expert Rev. Hematol. 9, 1043-1061 (2016).
. Nyflot, L. T. et al. Risk factors for severe postpartum hemorrhage: A case-control study. BMC Pregnancy Childbirth 17, 17 (2017).
. Bateman, B. T, Berman, M. E, Riley, L. E. & Leffert, L. R. The epidemiology of postpartum hemorrhage in a large, nationwide

sample of deliveries. Anesth. Analg. 110, 1368-1373 (2010).

. Wetta, L. A. et al. Risk factors for uterine atony/postpartum hemorrhage requiring treatment after vaginal delivery. Am. J. Obstet.

Gynecol. 209(51), e1-6 (2013).

. Oberg, A. S., Hernandez-Diaz, S., Palmsten, K., Almqvist, C. & Bateman, B. T. Patterns of recurrence of postpartum hemorrhage

in a large population-based cohort. Am. J. Obstet. Gynecol. 210(229), e1-8 (2014).

. Combs, C. A., Murphy, E. L. & Laros, R. K. Factors associated with postpartum hemorrhage with vaginal birth. Obstet. Gynecol.

77,69-76 (1991).

. Prata, N. et al. Inability to predict postpartum hemorrhage: Insights from Egyptian intervention data. BMC Pregnancy Childbirth

11,97 (2011).

Mousa, H. A., Cording, V. & Alfirevic, Z. Risk factors and interventions associated with major primary postpartum hemorrhage
unresponsive to first-line conventional therapy. Acta Obstet. Gynecol. Scand. 87, 652-661 (2008).

Choo, W. L. et al. Correlation of change in uterine activity to blood loss in the third stage of labour. Gynecol. Obstet. Invest. 46,
178-180 (1998).

Chua, S. et al. Correlation of total uterine activity to blood loss in the third stage of labour. Gynecol. Obstet. Invest. 42, 171-173
(1996).

Schorn, M. N. Uterine activity during the third stage of labor. J. Midwifery Womens Health 57, 151-155 (2012).

Beazley, J. M. & Underhill, R. A. Fallacy of the fundal height. Br. Med. J. 4, 404-406 (1970).

Swiatkowska-Freund, M. & Preis, K. Cervical elastography during pregnancy: Clinical perspectives. Int. J. Womens Health 9,
245-254 (2017).

Yilmaz, D. H. et al. Can myometrial elasticity, as determined by elastography at 18-22 weeks of gestation, predict preterm delivery?.
J. Obstet. Gynaecol. Res. 42, 1686-1693 (2016).

Gennisson, J.-L. et al. Quantification of elasticity changes in the myometrium during labor using Supersonic Shear Imaging: A
feasibility study. Ultrasonics 56, 183-188 (2015).

Cimsit, C., Yoldemir, T. & Akpinar, I. N. Shear wave elastography in placental dysfunction: Comparison of elasticity values in
normal and preeclamptic pregnancies in the second trimester. J. Ultrasound Med. 34, 151-159 (2015).

Ohmaru, T. et al. Placental elasticity evaluation using virtual touch tissue quantification during pregnancy. Placenta 36, 915-920
(2015).

Bamber, J. et al. EFSUMB guidelines and recommendations on the clinical use of ultrasound elastography. Part 1: Basic principles
and technology. Ultraschall Med. 34, 169-184 (2013).

Barr, R. G. Can accurate shear wave velocities be obtained in kidneys?. J. Ultrasound Med. 39, 1097-1105. https://doi.org/10.1002/
jum.15190 (2019).

Sigrist, R. M. S,, Liau, J., Kaffas, A. E., Chammas, M. C. & Willmann, J. K. Ultrasound elastography: review of techniques and
clinical applications. Theranostics 7, 1303-1329 (2017).

Bruce, M., Kolokythas, O., Ferraioli, G., Filice, C. & O’Donnell, M. Limitations and artifacts in shear-wave elastography of the
liver. Biomed. Eng. Lett. 7, 81-89 (2017).

Patwardhan, M. et al. Dynamic changes in the Myometrium during the third stage of labor, evaluated using two-dimensional
ultrasound, in women with normal and abnormal third stage of labor and in women with obstetric complications. Gynecol. Obstet.
Invest. 80, 26-37 (2015).

Shear Wave Ultrasound Liver Assessment | Philips Ultrasound. Philips https://www.usa.philips.com/healthcare/resources/featu
re-detail/shear-wave-elastography.

Tanaka, T. et al. Attempt to quantify uterine involution using acoustic radiation force impulse before and after placental delivery.
J. Med. Ultrason. 38,21-25 (2011).

Ucci, M. A., Di Mascio, D., Bellussi, F. & Berghella, V. Ultrasound evaluation of the uterus in the uncomplicated postpartum period:
A systematic review. Am. J. Obstet. Gynecol. MFM https://doi.org/10.1016/j.ajogmf.2021.100318 (2021).

Frei, S., Kurmanavicius, J., Zimmermann, R. & von Mandach, U. Puerperal symphysis fundus distance: Normal values. J. Perinat.
Med. 38, 173-177 (2010).

Rosado-Mendez, I. M. et al. Quantitative assessment of cervical softening during pregnancy in the Rhesus macaque with shear
wave elasticity imaging. Phys. Med. Biol. 63, 085016 (2018).

Bruno, C., Minniti, S., Bucci, A. & Pozzi Mucelli, R. ARFI: From basic principles to clinical applications in diffuse chronic disease—
A review. Insights Imaging 7, 735-746 (2016).

Lee, W.-N. et al. Mapping myocardial fiber orientation using echocardiography-based shear wave imaging. IEEE Trans. Med.
Imaging 31, 554-562 (2012).

Weiss, S. et al. Three-dimensional fiber architecture of the nonpregnant human uterus determined ex vivo using magnetic resonance
diffusion tensor imaging. Anat. Rec. A. Discov. Mol. Cell. Evol. Biol. 288A, 84-90 (2006).

Fiocchi, E et al. In vivo 3 T MR diffusion tensor imaging for detection of the fibre architecture of the human uterus: A feasibility
and quantitative study. Br. J. Radiol. 85, ¢1009-1017 (2012).

Gennisson, J.-L. et al. Shear wave elastography in obstetrics: Quantification of cervix elasticity and uterine contraction. In IEEE
International Ultrasonics Symposium 2094-2097 (2011).

Masuzawa, Y. & Yaeko, K. Uterine activity during the two hours after placental delivery among low-risk pregnancies: An obser-
vational study. J. Matern. Fetal Neonatal Med. 30, 2446-2451 (2017).

Wang, C.-Z. et al. Influence of measurement depth on the stiffness assessment of healthy liver with real-time shear wave elastog-
raphy. Ultrasound Med. Biol. 40, 461-469 (2014).

Scientific Reports |

(2021) 11:10420 | https://doi.org/10.1038/s41598-021-89756-6 nature portfolio


https://doi.org/10.1002/jum.15190
https://doi.org/10.1002/jum.15190
https://www.usa.philips.com/healthcare/resources/feature-detail/shear-wave-elastography
https://www.usa.philips.com/healthcare/resources/feature-detail/shear-wave-elastography
https://doi.org/10.1016/j.ajogmf.2021.100318

www.nature.com/scientificreports/

Author contributions

Conception and design: J.S., .M., D.D. Data collection: J.S. Data analysis: J.S., D.B., ].M. and D.D. Manuscript
drafting: J.S. Revision of the manuscript and/or editing: J.S., ].M., D.B. and D.D. All authors read and approved
of the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-89756-6.

Correspondence and requests for materials should be addressed to J.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:10420 | https://doi.org/10.1038/s41598-021-89756-6 nature portfolio


https://doi.org/10.1038/s41598-021-89756-6
https://doi.org/10.1038/s41598-021-89756-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Using shear wave elastography to assess uterine tonicity after vaginal delivery
	Material and methods
	Study population. 
	Measurements. 
	Outcomes. 
	Statistical analysis. 

	Results
	Discussion
	Conclusion
	References


