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Purpose: The purpose of this study was to evaluate the usefulness of the stability index (SI) in
liver stiffness measurements using shear wave elastography (SWE) in children.

Methods: A total of 29 children and young adults (mean age, 16.1 years; range, 8 to 28 years;
11 boys and 18 girls) who underwent liver stiffness measurements using SWE under free-
breathing and breath-holding conditions were included in our study. Ten SWE measurements
were acquired in each of four groups: free-breathing and breath-holding, and with and without
using the SI. The failure rate of acquisition of SI values over 90% was calculated in each group.
To evaluate variability in the SWE measurements, the standard deviation, coefficient of variation,
and percentage of unreliable measurements were compared. Intraobserver agreement and
the optimal minimal number of measurements were calculated using intraclass correlation
coefficients.

Results: A failure to acquire SI values over 90% was observed in 17% of the scans in the free-
breathing group and in 7% of the scans in the breath-holding group. In both groups, utilizing
the Sl led to a significantly lower standard deviation and coefficient of variation. When using
the SI, the percentage of unreliable measurements decreased from 16.7% to 8.3% in the
free-breathing group and 14.8% to 0% in the breath-holding group. With the use of the SI,
intraobserver agreement increased and the optimal minimal number of repeated measurements
decreased in both the free-breathing and breath-holding groups.

Conclusion: Utilization of the SI in the measurement of liver SWE in children reduced
measurement variability and increased reliability in both free-breathing and breath-holding
conditions.
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Liver stiffness measurement using SWE and the role of S

Introduction

Fibrosis or cirrhosis of the liver is a manifestation of end-stage
liver disease, which is a common outcome of various chronic liver
diseases in children. As hepatic fibrosis can be lethal and can
induce various complications in children, the precise evaluation
of liver fibrosis is very important in patient management and
prognosis [1,2]. Even though liver biopsy has been considered the
standard for evaluating the degree of hepatic fibrosis, there are
several restrictions on the use of liver biopsy in children due to
its invasiveness, potential complications, sampling variations, and
related interobserver and intraobserver variability [3]. Therefore, liver
biopsy is generally conducted in children in limited circumstances,
and there is a constant need to search for a noninvasive method
to measure liver stiffness such as ultrasound (US) or magnetic
resonance elastography techniques [4,5]. Among such techniques,
US-based elastography has been very promising in children because
of its noninvasiveness, easy accessibility, and real-time nature
[5,6]. US-based elastography techniques have made it possible to
acquire quantitative measurements of liver fibrosis [7] within a short
time period in routine sonographic examinations, even during free
breathing [8]. Several real-time US-based elastography techniques
have been introduced, and studies have demonstrated a high
correlation between US-based elastography and the severity of liver
fibrosis in children [2,9].

Shear wave elastography (SWE; Aixplorer, SuperSonic Imagine
SA, Aix-en-Provence, France), one of several real-time US-based
elastography techniques, provides quantitative tissue elasticity maps.
With SWE, shear waves are generated from acoustic pulses forced at
five different tissue depth levels [8,10] and the shear wave velocity
is estimated by ultrafast Doppler-like acquisition of 5,000 frames per
second. Then, the shear wave speed is converted to tissue stiffness
as kilopascals using the formula £=3 o V%, where F represents the
elasticity of the tissue, o represents the density of the tissue, and
v represents shear wave velocity. Although several studies have
been conducted regarding the reproducibility and reliability of SWE
in measuring liver fibrosis in adults [11,12], not much is known
about the reproducibility of SWE in pediatric patients. Furthermore,
most studies have analyzed data obtained using the breath-holding
technique during the measurement of liver stiffness with SWE. Using
breath-holding techniques can potentially minimize artifacts and
disturbances in shear wave velocity acquisition caused by movement
during breathing [13]. Since it can be difficult to achieve adequate
breath-holding during the acquisition of US-based elastography
in young children, it is necessary to compare liver stiffness
measurements during breath-holding and free-breathing and to
investigate methods that can assist in the acquisition of adequate
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measurements of hepatic fibrosis in children. The stability index (SI)
is a new technique that provides temporal stability when placing a
region of interest (ROI) box during SWE examinations, in order to
ensure a high-quality assessment of liver stiffness by analyzing the
temporal and spatial reproducibility of the last three to five images
to create a Sl value. An Sl value over 90% is considered a good
result, and indicates adequate acquisition of data within the ROI.
We hypothesized that using this new technique would improve
the reproducibility of liver SWE measurements in children. To our
knowledge, no study has evaluated the clinical application of the Sl
in measuring liver stiffness using SWE.

Therefore, the purpose of our study was to evaluate the usefulness
of the Sl for decreasing the variability of liver stiffness measurements
and the number of measurements required for adequate data
acquisition free-breathing and breath-holding conditions in children.

Materials and Methods

Study Population

This was a retrospective study. Our Institutional Review Board
approved the study, and the requirement for informed consent was
waived (IRB No. 1702-071-831). From August to December 2016,
one radiologist (Y.H.C., with 13 years of experience in US imaging)
performed liver ultrasonography including SWE in 52 consecutive
children and young adults. Among them, a total of 29 children and
young adults (mean age, 16.1 years; range, 8 to 28 years; 11 boys
and 18 girls) who underwent liver stiffness measurements using
SWE in both free-breathing and breath-holding conditions were
included in this study. The indications for liver ultrasonography in
the children included in the study were as follows: fatty liver (n=4),
cardiac cirrhosis (n=7), Wilson disease (n=4), chronic liver disease
(n=3), glycogen storage disease (n=4), post-bone marrow transplant
surveillance (n=1), fever work-up (n=1), and malignancy follow-up
(n=5).

SWE Technique

One radiologist (Y.H.C., with 13 years of experience in US imaging)
performed the SWE examination with a single US scanner (Aixplorer,
SuperSonic Imagine SA) using the same convex broadband probe
(XC6-1), following the protocol presented below. All patients were
told to fast for at least 4 hours before the examination and were
examined in a supine position with upward extension of the right
arm over their heads. The probe was gently placed over the right
intercostal space and an approximately 2.0x2.5-cm SWE box
was placed in the right lobe of the liver, 1.5-2 ¢cm away from the
Gleason capsule to avoid reverberation artifacts and pulsation from
adjacent vascular structures. Afterwards, two SWE video clips of
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10-15 seconds (7-10 frames per second) were obtained for each
patient in the same order, as follows. The first SWE video clip was
measured when the patients lay on the examination table in the
supine position and were given instructions to hold their breath in
the mid-expiratory phase for as long as they could for the acquisition
of the SWE video in the breath-holding study. After a sufficient time
interval for patients to catch their breath, the patients were not given
any instructions that might exaggerate respiration for the second
acquisition in the free-breathing study, and SWE video was obtained
for an equal time duration to that of the breath-holding study.

Liver Stiffness Measurements

The SWE video clips were retrospectively reviewed by another
radiologist (E.K.H., with 3 years of experience in US imaging),
who was blinded to the patient’s history. A 15-mm circular ROI
was placed carefully in the area where the color-coding was as
homogeneous as possible, in order to avoid the inclusion of any
artifacts related to motion or pulsation. Mean, minimum, and
maximum elasticity values in kilopascals and standard deviation
within the ROI, as well as information about the depth and diameter
of the ROI and the SI value were automatically displayed on the
monitor by placing a circular ROI within the box on the SWE image
(Fig. 1). The manufacturer's recommendations for obtaining reliable

Fig. 1. Elastography of a 14-year-old boy who underwent
abdominal ultrasonography for evaluation of glycogen storage
disease. The B-mode image and shear wave elastography (SWE)
elastographic images were placed up and down. A SWE box (2.0x2.5
cm sized) was placed in the right anterior segment of the liver,
avoiding vascular structures. After the entire area of SWE box was
color-coded, 15-mm? circular region of interest was placed carefully
in the area where the color coding was as homogeneous as possible
not to include any artifacts related to motion or pulsation.
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data are to perform three valid independent 2-dimensional SWE
measurements and to use the mean value of these measurements
[14]. In this study, considering the immaturity of pediatric patients,
a total of 10 measurements of mean liver elasticity and standard
deviation values for each free-breathing and breath-holding group
were acquired, regardless of the Sl value. Another 10 measurements
were performed for each free-breathing and breath-holding group
using the SI, where only ROIs with an SI value of over 90% were
taken into consideration for evaluation. Each measurement was
separated by at least five frames from each other. Finally, the
following four groups of 10 measurements were formed in order to
evaluate the difference in values acquired with or without using the
SI according to the respiratory state: free-breathing without the Sl
(FBeye), free-breathing with the SI (FBSI), breath-holding without
the SI (BHeye), and breath-holding with the SI (BHSI).

Data Analysis

The rate of failure of acquisition of SI values over 90% was
calculated for each free-breathing and breath-holding study. The
SWE measurement was considered to have failed when it was
impossible to acquire 10 ROIs with SI values over 90% throughout
the whole series of the SWE cine clip. The mean SWE values of
each dataset were compared using the paired t-test, to see if there
was any difference between free-breathing and breath-holding or
depending on the usage of the SI.

Variability in SWE measurements was evaluated using the
following three methods. First, standard deviation values were
compared with and without the SI for each free-breathing and
breath-holding group. Second, the coefficient of variance was
calculated to characterize the dispersion of the measurements. The
coefficient of variance was defined as the ratio of the standard
deviation to the mean, which represents a standardized measure
of variability related to the mean [15]. Third, the percentages of
unreliable measurements with or without SI were calculated. When
the interquartile range (IQR) divided by the median liver stiffness
value from the 10 measurements in each dataset was greater than
30% (IQR/median liver stiffness >30%), the SWE measurement was
assumed to be unreliable because the variability of the measured
stiffness values was too great [11].

The intraobserver agreement was evaluated by comparing the
results of the first five and the last five measurements in each group
using intraclass correlation coefficients (ICCs) [16]. Intraobserver
reproducibility was considered as poor (ICC, 0.00 to 0.20), fair to
good (ICC, 0.40 to 0.75), or excellent (ICC, >0.75) [17].

Finally, to evaluate the minimal optimal number of measurements,
subsets of the first two to nine serial measurements were selected.
The median liver stiffness values of these eight subsets were
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compared with the reference liver stiffness (median liver stiffness of
the 10 measurements in each dataset) by using ICCs. The minimal
number of SWE acquisitions for which there was no significant
difference between the ICCs and the 95% confidence intervals (Cls)
in multiple comparisons was considered to be the optimal number
of acquisitions.

All statistical analyses were performed with MedCalc (ver.
12.1.0 for Microsoft Windows 2000/XP/Vista/7, MedCalc Software,
Mariakerke, Belgium) or R (ver. 3.3.1, R Foundation for Statistical
Computing, Vienna, Austria). Results with a P-value of less than 0.05
were considered statistically significant.

Results

Failure of acquisition of SI values over 90% was observed in five

Table 1. Shear wave elastography values measured in four groups

MeanzSD No. of patients
Free-breathing with SI 6.38+4.39 24
Free-breathing without SI 6.31+3.98 29
Breath-holding with S 6.72+4.70 27
Breath-holding without S| 6.47+4.09 29

SD, standard deviation; SI, stability index.

ULTRASONOGRAPHY

of 29 patients (17%) in the free-breathing group and in two of 29
patients (7%) in the breath-holding group.

Comparison of the mean elasticity value revealed no significant
difference between free-breathing and breath-holding (6.31+3.98
kPa vs. 6.47+4.09 kPa, P=0.354, n=29). There was no significant
difference in the mean elasticity value between the FBeye and FBSI
groups (6.31+3.98 kPa vs. 6.38+4.39 kPa, P=0.694, n=24) or
between the BHeye and BHSI groups (6.47+4.09 kPa vs. 6.72+4.70
kPa, P=0.101, n=27) (Table 1).

Table 2 summarizes the differences in the variability of SWE
measurements between the groups that utilized the SI and the
groups that did not. In the comparison of the acquired standard
deviation values with and without utilization of the SI in both the
free-breathing and breath-holding groups, the groups that utilized
SI showed significantly lower standard deviation values than those
that did not (P<0.01).

In both the free-breathing and breath-holding groups, the
coefficient of variation was significantly lower when using the SI
than when not using the SI (free-breathing group, 0.055+0.230
vs. 0.182+0.022, P<0.01; breath-holding group, 0.037+0.223 vs.
0.198+0.125, P<0.01).

Four of the 24 SWE measurements (16.7%) were considered
unreliable in the free-breathing group. When the SI was used, the
number of patients with unreliable results decreased to two of the

Table 2. Indexes of variability in shear wave elastography measurements according to usage of the stability index

FBSI (n=24) FBeye (n=24) P-value BHSI (n=27) BHeye (n=27) P-value
Mean+SD 1.03+1.69 2314197 <0.001 0.65+0.59 1.76+1.84 0.001
Coefficient of variation 0.06+0.23 0.19+0.02 <0.001 0.04£0.22 0.20+0.13 <0.001
Unreliable measurement, n (%) 2/24(8.3) 4/24.(16.7) 0.383 0/27 (0.0) 4/27 (14.8) 0.038

FBSI, during free-breathing, using the stability index; FBeye, during free-breathing, without using the stability index; BHSI, during breath-holding, using the stability index;

BHeye, during breath-holding, without using the stability index.

Table 3.1CCs and 95% Cls between eight subsets of two to nine consecutive measurements and the 10 reference measurements

» FBSI FBeye BHSI BHeye
Repetition
ICC 95% Cl ICC 95% Cl ICC 95% Cl ICC 95% Cl

2 0.92 0.81-0.96 0.88 0.76-0.94 0.99 0.99-0.99 091 0.83-0.96
3 0.93 0.89-0.98 0.88 0.76-0.94 0.99 0.99-0.99 0.93 0.85-0.96
4 0.95 0.88-0.99 0.89 0.77-0.95 0.99 0.99-0.99 0.92 0.84-0.96
5 0.96 091-0.98 0.90 0.80-0.95 0.99 0.99-0.99 0.93 0.86-0.97
6 0.96 0.92-0.98 092 0.83-0.96 0.99 0.99-1.00 0.98 0.97-0.99
7 0.99 0.99-0.99 092 0.83-0.96 1.00 0.99-1.00 0.99 0.99-1.00
8 0.99 0.99-1.00 097 0.94-0.99 1.00 1.00 0.99 0.97-0.99
9 1.00 1.00-1.00 0.99 0.99-0.99 1.00 1.00 1.00 0.99-1.00

ICC, intraclass correlation coefficient; Cl, confidence interval; FBSI, during free-breathing, using the stability index; FBeye, during free-breathing, without using the stability
index; BHSI, during breath-holding, using the stability index; BHeye, during breath-holding, without using the stability index.
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24 SWE measurements (8.3%). In the breath-holding group, the
number of unreliable results was four out of 27 patients (14.8%)
and there were no unreliable results when the SI was used.

An ICC value of 0.87 (95% Cl, 0.74 to 0.94) was found in the
free-breathing group, and it increased to 0.99 (95% Cl, 0.97 to 0.99)
when the SI was used. In the breath-holding group, the ICC value
was 0.95 (95% Cl, 0.90 to 0.98), and it increased to 0.99 (95% Cl,
0.99 t0 0.99) when the SI was used.

The ICC values and 95% Cls calculated from comparing the mean
of eight subsets of two to nine consecutive measurements and the
reference values (median liver stiffness of the 10 measurements in
each dataset) are summarized in Table 3. An ICC value over 0.95
implies that the measurement error due to the sampling number
was less than 5%, which is within the accepted error range [11].
In the free-breathing group, the first eight and nine repeated
measurements showed ICC values over 0.95 compared with the
reference values. With the use of SI, the first five measurements
and above had ICC values over 0.95 in comparison with the
reference values. This means that the minimal number of repeated
measurements with an acceptable error range decreased from eight
to five repeated measurements when the SI was used. In the breath-
holding group, the first six repeated measurements compared with
the reference values had ICC values over 0.95 when the SI was not
used, whereas the first two repeated measurements demonstrated
an ICC value of 0.99. Using the Sl reduced the minimal number of
repeated measurements with an acceptable error range from six to
two measurements in the breath-holding group.

Discussion

When measuring liver elasticity with US, issues related to the
variability and reliability of elasticity measurements are quite
important, especially in children who tend to be uncooperative and
cannot hold their breath. Therefore, any technique that can decrease
measurement variability is valuable. The SI'is a newly introduced
technique for reducing the number of unreliable results due to
poor image acquisition and suboptimal Q-box positioning when
SWE is performed to assess the degree of fibrosis within the liver.
This tool, based on SWE coding conditions and temporal stability,
automatically calculates the quality of each acquired image in order
to obtain an Sl value. Taking into consideration temporal, spatial,
and noise information before calculating the IQR, the SI calculation
helps users to rule out a poor-quality signal. When the Sl is lower
than 90%, manufacturers recommend locating the Q-Box elsewhere
in the 2-dimensional SWE box or performing the SWE acquisition
again to reduce the number of poor SWE acquisitions and incorrect
Q-Box locations.
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Our study showed that variability in liver stiffness measurements
could be reduced by using SI values. The standard deviation of SWE
measurements and the coefficient of variation were reduced by
applying Sl values, which could be interpreted as a decreased spread
of the variability of measurements relative to the mean, thereby
providing more consistent and reliable measurements in both the
free-breathing and breath-holding groups. Additionally, using SI not
only decreased the number of unreliable results, but also increased
intraobserver agreement in both the free-breathing and breath-
holding groups. Reliable measurements of liver stiffness are critical
for determining and observing liver fibrosis and planning future
treatment in clinical practice. Liver stiffness could be adequately
measured with increased reliability and reduced inconsistency using
the SI, even when acquiring measurements during free breathing.

It is very important to reduce the scan time as much as possible
in children, because it is particularly difficult to obtain adequate
cooperation from patients to hold their breath or remain in the same
position while measuring liver stiffness. Therefore, several previous
studies have tried to identify the minimum number of acquisitions
needed to obtain the optimal elasticity value in both adults and
children [16,18-20]. In addition to these efforts, we speculate that
we could further reduce the optimal minimal number of repeated
measurements of SWE in both the free-breathing and breath-holding
groups by using SI. Considering a sampling error range of less than
5% as acceptable, our results showed that the minimal number
of repeated measurements decreased from eight to five repeated
measurements by using the S in the free-breathing group, and from
six to two repeated measurements in the breath-holding group. Our
hope is to reduce the number of repeated SWE measurements by
utilizing the SI, and eventually, reducing the scan time in children.
In particular, referring to the SI, we can expect not only decreased
variability of liver stiffness measurements, but also a decreased scan
time for adequate liver stiffness measurements, which can be very
helpful when performing SWE in children. Since the optimal number
of liver stiffness measurements can vary according to children’s age
[18], further investigation is needed to establish the role of the SI'in
reducing the number of liver stiffness measurements needed for an
adequate assessment of liver stiffness in children.

However, our study also showed that acquiring SI values over
90% was not always possible because of significant temporal and
spatial instability observed in some cases. In particular, the failure
rate increased to 17% during free breathing due to respiratory
movement. We suggest that vigorous breathing movements and
underlying liver parenchymal heterogeneity may have contributed
to this phenomenon. Therefore, we think that further investigation
should be conducted into the cause of failure to obtain a sufficient
Sl value and that technical improvements should be made in order
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for this technique to be utilized consistently. With regard to the
effect of breathing status on the liver SWE value, the study by
Pellot-Barakat et al. [21] showed that the mean SWE value was
higher in the measurements obtained during breath-holding than
in those obtained during free breathing. They hypothesized that
the hemodynamic changes during the different stages of breathing
may lead to variability in SWE in the same patient [21]. Our study
revealed a similar tendency for a higher stiffness value during free
breathing, but without statistical significance.

There are several limitations in our study. First, our study cohort
was rather small, and older children and young adults (with mean
age of 16.1 years) were recruited, because our intention was to
evaluate the effect of breathing status on utilization of SI. Even
though we believe that our results could be applicable to young
children who cannot hold their breath, a further study would be
helpful to validate our results in young children. Second, patients
with a variety of underlying diseases and a wide range of liver
SWE values were included in our study. However, our study cohort
reflects the normal patient distribution in routine clinical practice.
Third, a single operator performed the SWE examinations. Therefore,
interoperator variability could not be evaluated in our study. Lastly,
due to limited patient cooperation in pediatric patients, it might be
difficult to obtain images and precise measurements of SWE values
during the free-breathing and breath-holding phases with strict
control of respiration. However, we performed a large number of
repeated measurements to acquire mean SWE values to overcome
this shortcoming.

In conclusion, utilizing the Sl in the measurement of liver SWE in
children and young adults reduced measurement variability in both
free-breathing and breath-holding conditions, and it may reduce the
scan time by decreasing the number of repeated measurements in
children and young adults.
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