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Featured Application: In this review we present and discuss the published literature on the use of
ultrasound-based liver elastography in children. The published data show that all the available
shear wave elastography techniques are feasible and accurate for the assessment of liver fibrosis
in children with diffuse liver disease due to several etiologies. For the assessment of focal liver
lesions evidences are limited and no conclusion can be drawn so far.

Abstract: Studies performed using transient elastography (TE), point shear wave elastography
(pPSWE) and two-dimensional shear wave elastography (2D-SWE) have shown that these techniques
are all feasible and accurate in children for the evaluation of liver fibrosis due to several etiologies.
However, for some specific pediatric pathologies, such as biliary atresia, the evidence is still limited.
As shown in adults, inflammation is a confounding factor when assessing fibrosis severity and care
should be taken when interpreting the results. Due to the scarce comparative data between serological
tests and elastography techniques in children, a definite conclusion regarding which is the best cannot
be drawn. Neither non-invasive elastographic techniques nor laboratory scores allow determination
of the presence and the degree of inflammation, necrosis, iron or copper deposits.
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1. Introduction

Ultrasound elastography is a useful non-invasive tool for the diagnosis of liver fibrosis in adults [1-7].
It plays a similar role in children, with some differences in the confounding factors and in the etiological
spectrum of the liver disease; however, guidelines and recommendations have not been published
yet. Preliminary data using transient elastography (TE), point shear wave elastography (pSWE) and
two-dimensional shear wave elastography (2D-SWE) techniques, have shown that they are all feasible
and accurate for the evaluation of liver fibrosis due to several etiologies in children [8-29]. Nonetheless,
data on the use of ultrasound elastography in children younger than 6 years is still scarce. Assessment
of liver stiffness is the most studied application in children. However, there are other applications of
ultrasound elastography such as for the evaluation of the thyroid, renal parenchyma, bowel and testis.

Specific considerations relating to pediatric investigations include: (a) feasibility, related also to
the differences in anatomy, anthropometrics, metabolic profile and psychology of each age group,
the lack of cooperation to stop breathing, and so on; (b) the type of probe that should be used; (c) some
differences in etiology and pathology in children; (d) cut-off values (are they the same of the adults?);
(e) definition of preventable fibrosis in liver diseases.

2. Possible Indications for Shear Wave Elastography (SWE) Measurement

Currently, some chronic liver diseases can be cured or at least treated; however, follow up
examinations are needed for almost all chronic liver disease for screening of complications that include
liver cirrhosis, portal hypertension and malignant transformation. Close follow up is required post-liver
transplantation, for autoimmune liver diseases, alpha-1 antitrypsin deficiency and cystic fibrosis [30,31].
Patients with biliary atresia, which is the most common cause of neonatal obstructive jaundice, would
also benefit from non-invasive follow-up assessment after the Kasai portoenterostomy to determine
the best timing for liver transplantation [29,32]. Regarding the indications, contraindications and the
technique used, we refer to the published literature [33—41].

Non-alcoholic fatty liver disease (NAFLD) is the most common pediatric chronic liver diseases.
It has been shown that elastography could be an excellent non-invasive tool for diagnosing and
managing these patients [12,42].

Palliative surgery, such as the Fontan procedure for single ventricle hearts, may lead to longer
survival, thus a higher rate of progressive hepatic failure and even hepatocellular carcinoma may be
observed in these patients. Hence, the possibility to use a non-invasive tool to follow-up particular
pediatric population is of paramount importance [43].

3. Elastographic Methods

According to international guidelines [1,2,4,6], ultrasound-based elastographic methods can
be divided into shear wave elastography (SWE) and strain elastography (SE). The SWE techniques
measure the speed of the shear waves generated in the tissues by either an external mechanical push
or an ultrasound radiation force impulse (ARFI). A greater speed indicates increased tissue stiffness
which is known to correlate with the dynamics and severity of fibrosis. SWE techniques can be
divided into transient elastography (TE) (FibroScan®) and ARFI-based techniques. These latter are
either pSWE, including Virtual Touch Quantification VTQ® from Siemens, ElastPQ® from Philips,
SWM® from Hitachi, STQ® from Mindray, S-shearwave® from Samsung, QElaXto® from Esaote or
2D-SWE (first available on the Aixplorer system from SuperSonic Imagine, and later on systems from
Siemens, General Electric (GE), Canon, Philips and Mindray) [4,6,44]. The speed of the shear waves is
measured in meter/second (m/s); using Young’s modulus it can be converted into stiffness measured
in kilopascals (kPa), assuming that the tissue is purely elastic and its elastic response is linear, and that
the tissue density is always 1000 kg m~3 [1],
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3.1. Transient Elastography (TE)

Transient elastography is a non-invasive and rapid bedside method used to assess liver fibrosis
by measuring liver stiffness. The technique has been described in detail in the European Federation of
Societies for Ultrasound in Medicine and Biology (EFSUMB) and World Federation for Ultrasound in
Medicine and Biology (WFUMB) guidelines [1,2,4,6,45] and also by others [46]. TE has been used for
liver stiffness measurement (LSM) both in children and adults [1,2,47,48]. Figure 1 shows the values
obtained with TE in a newborn.
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Figure 1. Transient elastography (TE) (S1 probe) in a newborn with alpha-1 antitrypsin deficiency. The
individual values of 10 measurements are shown as well the median of the 10 measurements and two
quality parameters, the interquartile range and the interquartile range divided by the median.

3.1.1. TE in Healthy Children

Since 2008, following the release of a new probe with a smaller diameter (S-probe 5 mm) compared
to the regular probe (M-probe 7 mm), LSM using TE could be obtained in small children and infants.
The feasibility of LSM in children was assessed using the S-probe (thorax perimeter < 45 cm (S1)
or 45-75 cm (52)) and the M-probe (thorax perimeter > 75 cm) according to the manufacturer’s
recommendations [49]. TE was technically achievable in children of all age groups. TE is feasible also
in infants, but confounding factors such as the probe choice, sedation, or food intake need to be taken
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into account when interpreting the results. The success rate of TE decreased in children younger than
24 months even under ideal conditions. General anesthesia significantly increased LSMs in healthy
children (5.4 vs. 4.2 kPa; p < 0.01). Probe choice equally influenced results in paired comparisons
(S15.5vs. S2 4.8 kPa; p < 0.01), as did food intake (5.9 vs. 5.4 kPa; p = 0.015). Inter- and intra-observer
agreements were good. Normal liver stiffness was 4.5 (2.5-8.9) kPa and did not vary significantly
with age or sex [50]. However, another study found that LSMs were significantly age-dependent
with values of 4.40, 4.73, and 5.1 kPa in children 0-5, 6-11, and 12-18 years (p = 0.001) respectively
(Table 1), while the interquartile range decreased with age (0.8, 0.7, and 0.6 kPa). The upper limit of
normal (median plus 1.64 times standard deviation) was 5.96, 6.65, and 6.82 kPa, respectively. Girls
between 11 and 18 years showed a significantly lower LSM than boys of the same age (4.7 vs. 5.6 kPa;
p < 0.005) [48]. In younger children, the number of invalid measurements increased significantly due
to movement artifacts [48], however, the measurement was reliable from the age of 6 without sedation.

Table 1. Factors that may affect measurement of liver stiffness with shear wave elastography in

healthy children.
p No. of
Factor LSM, kPa Value  Children Study
Goldschmidt et al.,
Factor 5.5vs. 4.8 <0.01 527 2013 [1]
Sedation .
(with vs. without general 54vs. 42 <0.01 527 Goldszcé‘llrgu[cﬁ etal,
anesthesia)
>
.Q .
& Food intake (no vs. yes) 5.4vs.59 0.01 527 Goldschmidt et al.,
g 2013 [1]
o)
k7 0-5vs. 6-11 vs. 4.40vs. 4.73 Engelmann et al.,
@ 12-18 vs. 5.1 0.001 240 2012 [2]
= Age 0-2 vs. 3-5 vs. 3.5vs. 3.8 vs. Lewindon et al.,
'% (years) 6-11 vs. 12-18 41vs. 45 0.0006 173 2016 [3]
] 1-5 vs. 6-11 vs. 3.4vs. 3.8 Tokuhara et al.,
a 12-18 vs. 4.1 0001 139 2016 [4]
Engelmann et al.,
5.6 vs. 4.7 <0.005 240 2012 2]
Gender: boys vs. girls Lewindon et al.,
4.8 vs. 4.1 N.S 173 2016 [3]
SWV, m/s
Probe (linear vs. convex) 1.11vs. 1.13 0.52 109 Hanquinet et al., 2013
1.15vs. 1.19 N.S 60 Fontanilla et al., 2014
>
<
0-1vs. 2-5 vs. 1.05 vs. 1.00 vs. .
[
gb 6-10 vs. 11-18 112 vs. 1.12 <0.05 176 Bailey et al., 2017
£ Age 0-1vs.1-5vs.  1.11vs. 1.15vs. .
E (years)  1-10vs. 10-17  1.08vs. 114 109 Hanquinet et al,, 2013
) 0-5vs. 6-11vs. 1.11vs. 1.05vs.
§ 1917 1.06 0.01 150 Matos et al., 2014
5 1.08 vs. 1.08 N.S 176 Bailey et al., 2017
..Q:; 1.19vs. 1.13 0.02 132 Eiler et al., 2012
= Gender: boys vs. girls 1.11vs. 1.14 0.3 109 Hanquinet et al., 2013
E 1.07 vs. 1.08 047 150 Matos et al., 2014
1.21 vs. 1.18 0.36 60 Fontanilla et al., 2014
LeftLi lob ioh 1.19vs. 1.14 0.03 132 Eiler et al., 2012
eft e e v g t 121vs.1.07  0.000 150 Matos et al., 2014
tver lobe 1.27 vs. 1.19 N.S 60 Fontanilla et al., 2014
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Table 1. Cont.

p No. of

Factor LSM, kPa Value  Children Study
LSM, kPa
Probe (linear vs. convex) ’ .
- -
g 596vs. 694  0.006 51 Franchi-Abella etal,
< 2016
>
e i:% vs. 1-5vs. 1-10  6.00 vs. 6.85 vs. 011 51 Franchi-Abella et al.,
2 5 A vs. 10-17 years 7.14 vs. 6.97 ’ 2016
g2 & 0-60 vs. >
g a 60d C = 6.61 vs. 5.3 0.02 40 Zhou et al., 2017
£3 ays
T QO
o > Franchi-Abella et al.
m 7
Hg 2 Gender: boys vs. girls 6.6 vs. 6.54 041 51 2016
5.4vs. 5.6 0.63 40 Zhou et al., 2017

Explanations: LSM: liver stiffness measurement; kPa: kilopascal, SWV: shear wave velocity; N.S non-significant;
m/s: meter per second.

As shown in Table 1, in a series of non-sedated control group of children LSM also increased
with age; 0-2 years (3.5 &+ 0.5 kPa), 3-5 years (3.8 & 0.3 kPa) and 6-11 years (4.1 & 0.2 kPa), with
healthy older children 12-18 years having values similar to adults (4.5 & 0.2 kPa). LSM did not vary
significantly with gender (female, 4.5 &= 0.2 vs. male, 4.8 & 0.2 kPa). Children with non-hepatic illnesses
had higher LSM (5.2 &£ 0.2 kPa) compared to healthy children (4.1 & 0.1 kPa) [51].

Another study has confirmed that LSM increased with age: it was 3.4 kPa (2.3-4.6 kPa) at ages
1-5 years; 3.8 (2.5-6.1) kPa at ages 6-11; and 4.1 (3.3-7.9) kPa at ages 12-18 (p = 0.001). The M-probe
was suitable in a wide age range of children from age 1 year onwards. In children without evidence of
liver disease, LSM showed an age-dependent increase [23].

Still, when using the M probe in children with a thoracic perimeter below 45 cm, one should
consider the “underestimation” phenomenon. It has been shown that LSM decreased with probe size
(51 < S2 < M) and caution is needed when interpreting the results [52].

3.1.2. TE in Non-Alcoholic Fatty Liver Disease (NAFLD)

In children with NAFLD (age range from 5.5 to 11.3 years), the combination of pediatric NAFLD
fibrosis index (PNFI) and TE were used to assess the presence of clinically significant liver fibrosis.
Both PNFI and TE values were significantly higher in children with significant fibrosis [53]. The
combined use of PNFI and TE predicted the presence or absence of clinically significant fibrosis in
98% of children with NAFLD. This could help to identify children who should undergo liver biopsy
because the confirmation of advanced fibrosis would lead to closer follow up and screening for
cirrhosis-related complications.

In a series of 52 biopsy-proven pediatric non-alcoholic steatohepatitis (NASH), the following
cutoffs for staging liver fibrosis were found: 5-7 kPa for F1 (area under the receiver-operating
characteristic (AUROC) curve, 97.7%), 7-9 kPa for F2 (AUROC, 99.2%), >9 kPa for F3 (AUROC,
100%) [42].

3.1.3. Correlation with Fibrosis Stage and Different Etiologies

LSM using TE in pediatric patients with chronic liver disease correlated significantly with both
fibrosis area fraction [54] and Ishak scores, the correlation appearing better with the latter (r = 0.839 vs.
0.879, p < 0.0001 for both). LSM discriminated individual stages of fibrosis with high performance.
Sensitivity ranged from 81.4% to 100% and specificity ranged from 75.0 to 97.2%. However, LSMs
for the same stage of fibrosis varied according to different etiologies. For example, for F3 Ishak stage,
higher values were obtained in children with autoimmune hepatitis (16.15 £ 7.23 kPa) compared to
those with Wilson’s disease (8.30 &= 0.84 kPa) and hepatitis C virus (HCV) hepatitis (7.43 &+ 1.73 kPa).
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Multiple regression analysis revealed that Ishak fibrosis stage was the only independent variable
associated with higher LSM (p < 0.0001) [17].

In a study that prospectively included 116 consecutive children with chronic liver diseases, de
Ledinghen et al. reported that the AUROCS for the diagnosis of cirrhosis were 0.88, 0.73, and 0.73 for
FibroScan, Fibrotest, and Aspartateaminotransferase-to-Platelet Ratio Index (APRI), respectively. The
FibroScan equipped with the specific smaller diameter probe (S-probe 5 mm) could become a useful
tool for the management of chronic liver diseases in children [49].

In a pediatric cohort, TE findings were compared with the ability of serum hyaluronic acid (HA)
and human cartilage glycoprotein-39 (YKL-40) values in predicting advanced hepatic fibrosis [55]. For
the prediction of advanced fibrosis, TE showed an AUROC significantly higher (0.83) than HA (0.72) or
YKL-40 (0.52). The optimal TE cut-off value for predicting F3-F4 fibrosis was 8.6 kPa. The combination
of TE and HA was not better than TE alone for predicting advanced fibrosis [56].

Studies in adults have shown that inflammation increases liver stiffness, leading to an
overestimation of fibrosis. The influence of inflammation to LSMs in children/young adults has
been investigated as well. In patients with fibrosis stages FO-F2, the proportion of those with LSM
> 8.6 kPa increased with increasing alanine aminotransferase (ALT). In patients with F3-F4, there
was no association between ALT and LSM. A weak correlation between a change in ALT and LSM
was observed in patients with no/minimal fibrosis and inflammatory liver diseases (r = 0.33). In
children with no/minimal hepatic fibrosis and inflammatory liver disease, high ALT values were
associated with LSM in the range typical for advanced fibrosis. However, with more advanced fibrosis,
inflammation did not appear to contribute to LSM. Caution must be taken when interpreting LSM for
assessing fibrosis severity in the setting of inflammation [11].

TE may be useful in follow-up of children following Fontan surgery. The technique is feasible
and it has been reported that pediatric Fontan patients have markedly elevated LSMs (18.6 versus
4.7 kPa) [18]. There was no association between TE values and patient age, time since Fontan surgery,
or median Fontan circuit pressure. [18].

The liver stiffness score of biliary atresia patients was significantly higher than that of normal
controls (27.37 4= 22.48 and 4.69 + 1.03 kPa; p < 0.001). The sensitivity (and specificity) of TE (using a
cut-off value of 12.7 kPa) and APRI (using a cut-off value of 1.92) in predicting esophageal/ gastric
varices were 84% (77%) and 84% (83%), respectively [57].

3.2. Point SWE (pSWE)

The technique has been described in detail in the EFSUMB and WFUMB guidelines [1,2,4,6].

Trout et al. reported that pPSWE and magnetic resonance elastography (MRE) values correlated
well in patients with a body mass index (BMI) of less than 30 kg/m? and minimal US data dispersion;
increasing US data dispersion was directly related to a higher BMI [27]. In another study, SWVs
differed between normal-weight and obese children (1.08 & 0.14 versus 1.44 £ 0.39 m/s; p < 0.001),
but not by gender. Multivariate linear regression demonstrated that the shear wave velocities (SWV)s
were primarily associated with age in normal-weight children (p < 0.05) and with BMI in obese
children (p < 0.001). In the obese group, mean SWV was significantly higher in children with abnormal
echogenic livers than in those with livers of normal appearance (1.53 &= 0.38 vs. 1.17 &£ 0.27), p < 0.05.
The difference was not significant in the normal-weight group [58].

In the study of Eiler et al., which included 132 patients 0-17 years, the mean value of SWV
was 1.16 (0.14) m/s. Neither age (p = 0.533) nor depth of measurement (p = 0.066) had a significant
influence on SWV, whereas a significant effect of gender was found, with lower values in females
(n =71, p = 0.025); however, there was no significant interaction between age groups (before or after
puberty) and gender (p = 0.276). There was an inter-lobar difference with lower values in the right
liver lobe compared to the left (1.14 £ 0.22 m/s vs. 1.19 £ 0.28 m/s, p = 0.036) and with a significantly
lower variance in the right lobe (p < 0.001). Consistent values were measured by different examiners
(p = 0.108); however, the inter-examiner variance deviated significantly (p < 0.001) [59].
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SWYV measurement was feasible in children at any age with acceptable reliability. The depth
of measurements in the liver seemed to have no influence on the results. There was no statistical
difference between measurements taken at different ages, with a mean SWV of 1.12 m/s (range: 0.73
to 1.45 m/s) [60].

In another study, mean SWV in the right liver lobe was 1.07 &= 0.10 m/s. No significant differences
were found according to sex or among different probe locations [61]. SWVs were, however, significantly
higher in the left liver lobe in comparison to the right lobe (1.07 &= 0.10 m/s, right; 1.21 &£ 0.16 m/s, left).
The depth of measurements also influenced the SWV values, being slightly lower at deeper locations.
Regarding the age, significant differences were found for children <6 years old compared with other
age groups. SWV seems to be influenced by age, depth, and measurement location. A mean SWV of
1.07 £ 0.10 m/s for a healthy pediatric population with the possibility of reaching 1.12 m/s in the case
of younger children was found. SWV values were more consistently obtained when assessing the right
liver lobe and at depths lower than 5 to 6 cm [61].

PSWE and 2D-SWE values were able to detect high-grade histopathological fibrosis and had high
success rates when distinguishing high-grade from low-grade fibrosis. In a series of 75 children, SWV
cut offs were 1.67 m/s for pSWE and 1.56 m/s for 2D-SWE in detecting fibrosis or inflammation and
2.09 m/s for pSWE and 2.17 m/s for 2D-SWE in discriminating children with low and high histological
liver fibrosis scores. However, both techniques had limited success rates when differentiating
low-grade fibrosis from normal liver tissue [14]. In another prospective study, pPSWE was feasible in
children using both the convex and the linear transducers. Mean SWV measured in the right lobe was
1.19 £ 0.04 m/s with the convex transducer and 1.15 & 0.04 m/s with the linear transducer. Age had a
small effect on the measurements. BMI and gender had no significant effects on SWV, whereas site of
measurement had a significant effect, with lower SWV values in the right hepatic lobe. The authors
suggested that the SWV values obtained in the right lobe may be used as reference values for normal
liver stiffness in children [62].

Another prospective study in 235 healthy children (6-17 years) showed also a significant difference
between the values of right and left liver lobe and a small influence of age and gender with lower
values in older children and significant lower values in females after puberty. It was suggested that best
point of examination is the right lobe in the interaxillar line with transverse transducer direction [62].

3.2.1. Liver Fibrosis

Quantification of liver fibrosis correlates with the histological fibrosis stage in children with
chronic liver disease [63]. The accuracy of pSWE in determining the extent of liver fibrosis in
pediatric patients with short bowel syndrome has been evaluated. The AUROCSs to differentiate
moderate/severe liver fibrosis from mild disease were 0.83 and 0.86 for the median and mean SWV,
respectively [10].

In children without inflammation, SWV was higher when fibrosis was present compared to the
absence of fibrosis (average SWV 1.8 vs. 1.4 m/s). A SWV cut-off of 1.7 m/s had 100% positive
predictive value and 24% negative predictive value for detecting liver fibrosis or inflammation [15].

Fibrosis related to several causes can be diagnosed in children and adolescents’ liver
grafts. In a small series (30 subjects), the AUROCs for SWV, APRI, and AST/ALT (aspartate
aminotransferase/alanine aminotransferase) ratio index for significant fibrosis were 0.76, 0.74, and 0.69,
respectively. Through multivariate logistic regression analysis, the only independent predictor of
significant fibrosis was SWV. SWV assessment may serve as a potential method for assessing significant
fibrosis in pediatric patients with liver transplants, particularly in combination with AST/ALT
ratio [64].

Graft fibrosis is a common finding from biopsies after pediatric liver transplantation. LSMs
had good accuracy for diagnosing graft fibrosis after pediatric living donor liver transplantation.
SWVs significantly increased with increased portal and pericellular fibrosis grades [65]. For the
diagnosis of significant fibrosis, the AUROCs were 0.760 and 0.849 for the midline and intercostal
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values, respectively, and the optimal cut-off values were 1.30 and 1.39 m/s for midline and intercostal
values. The pericellular pattern of fibrosis was frequently observed in this setting, and moderate
pericellular fibrosis was detectable by SWV [65].

3.2.2. Values in Obesity

The mean pSWE value was 1.13 (0.20) m/s for obese children and 1.02 (0.11) m/s for children in
the control group, whereas other authors did not find any statistically significant influence of the BMI
on pSWE values [66—-69]. SWV showed excellent correlation with AST/ALT ratios in obese children
and may be used as a non-invasive tool to detect NAFLD and associated hepatic changes, especially in
pediatric patients, for whom liver biopsy is not always feasible [9].

3.2.3. Liver Disease Associated with Cystic Fibrosis (CFLD)

Liver disease associated with cystic fibrosis (CFLD) is the second cause of mortality in these
patients [31,70]. Comparing the SWV values of CFLD with those of a control healthy group, values in
the right lobe were higher in patients with CFLD. A SWV cut-off value to detect CFLD of 1.27 m/s
with a sensitivity of 56.5% and a specificity of 90.5% has been reported. Cystic fibrosis patients were
found to have higher SWV spleen values than the control group, without any clinical consequence. A
study that enrolled children with liver disease, found that a value of 1.16 m/s (+0.14 m/s) allows a
differentiation of healthy versus pathological liver tissue [30].

3.3. Two-Dimensional Shear Wave Elastography (2D-SWE)

The technique has been described in detail in the EFSUMB and WFUMB guidelines [1,2,4,6]. A
2D-SWE techinique is exemplified in Figure 2.

Figure 2. Two-dimensional shear wave elastography (2D-SWE) in a 10 years old boy with cystic fibrosis

associated liver disease. The median of liver stiffness measurements using the convex probe was
4.47 kPa, IQR = 1.13. Point SWE results were 1.47 m/s (convex probe).

A recent meta-analysis analyzed 12 studies on 550 patients to assess the diagnostic performance
of 2D-SWE for determining the severity of liver fibrosis in children and adolescents. The summary
sensitivity was 81% (95% CI: 71-88) and the specificity was 91% (95% CI: 83-96) for the prediction
of significant liver fibrosis. Subgroup analysis revealed that 2D-SWE had an excellent diagnostic
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performance according to each degree of liver fibrosis. 2D-SWE had a higher sensitivity (p < 0.01) and
specificity (p < 0.01) than VTQ® [71]. In this meta-analysis, the number of LSMs performed was a
significant factor influencing study heterogeneity.

3.3.1. Technical Success Rates of Liver Stiffness Estimates

Five studies on healthy subjects and/or patients with chronic liver diseases have reported results
on the technical success rate of 2D-SWE in pediatric patients. In two studies on, respectively, 96 and
88 subjects, no technical failure was observed [72,73]. In another study on NASH pediatric patients,
2D-SWE was feasible in 68/69 (99%) of them [12]. In a large series, the success rates of LSMs in
the study group and the control group were 96.4% (244/253) and 100% (40/40), respectively [73].
The main reasons for failure were crying and body movements. No technical failure was observed
in a free-breathing status [72]. A more recent study evaluated the stability index (SI) of 2D-SWE
acquisitions as a quality indicator of measurements [74]. Using an SI < 90% as an indicator of
unreliable measurement, failure to obtain reliable 2D-SWE measurements was observed in five 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) [74].

Hepatic 2D-SWE performed with free breathing yielded results similar to the breath-hold
condition. With a substantially lower time requirement, which could be further reduced by lowering
the number of acquisitions, it was concluded that the free-breathing technique may be suitable for
infants and less cooperative children not capable of breath-holding [13].

3.3.2. Reproducibility and Variability of Liver Stiffness Estimates

The intra-operator reproducibility of LSMs was found to be excellent, comparing the average of 3,
5 or 7 measurements to the average of 15 considered as the reference, with intraclass correlation
coefficient (ICC) of 0.944 (95% CI: 0.899-0.972), 0.958 (95% CI: 0.923-0.978) and 0.969 (95% CI:
0.945-0.982), respectively, in free-breathing status. Results were very similar in the group of patients
studied with breath-hold: ICC = 0.937 (95% CI: 0.887-0.978), ICC = 0.938 (95% CI: 0.876-0.981), and
ICC = 0.941 (95% CI: 0.878-0.983) for the average of 3, 5 and 7 measurements, respectively [74]. An
excellent correlation of repeated measurements made by each of three operators was also reported in
another study, with intra-operator ICCs ranging from 0.93 to 0.96 [73]. This study also investigated
inter-observer agreement in 39 randomly selected children (9 controls, 16 patients without biliary atresia
(BA) and 14 with BA. Very good reproducibility was found among the three operators (ICC = 0.98;
95% CI: 0.96-0.99), and the Bland—Altman analysis also showed that the interobserver agreements
within each pair of operators were good [73].

Another study on NASH patients with various stages of liver fibrosis (FO: n = 5; F1: n = 16; F2-3:
n = 14) showed that the inter-observer agreement between two operators was excellent, as indicated
by an ICC for absolute agreement of 0.95 (95% CI: 0.90, 0.97) [12]. Using the SI as an indicator of
unreliable measurements, it has been found that an intra-operator ICC of 0.87 (95% CI, 0.74 to 0.94)
in the free-breathing group increased to 0.99 (95% CI, 0.97 to 0.99) when the SI was used. Similarly;,
the ICC of 0.95 (95% CI, 0.90 to 0.98) in the breath-holding group increased to 0.99 (95% CI, 0.99 to 0.99)
when the SI was used [74].

3.3.3. Liver Stiffness Estimates in Healthy Controls

Liver stiffness estimates in healthy subjects have been assessed in several studies, and most
information comes from the control group of case-control studies. The mean 2D-SWE value was
5.5 £ 1.3 kPa in free-breathing status and 5.5 &= 1.1 kPa, with a range of 3.7-7.7 kPa [73]. The breathing
method does not seem to have an impact on 2D-SWE values and their variability [72,73]. The gender
seems not to significantly affect 2D-SWE values [73], with average values of 5.4 + 1.1 kPa in males
versus 5.6 £ 1.1 kPa in females (p = 0.637) [73]. LSMs were found to correlate with children’s age
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(r =0.429, p = 0.006), and to be significantly higher (6.1 & 1.1 kPa) in babies older than 60 days (1 = 10)
than in babies of 60 days or below (5.3 & 1.0 kPa) (1 = 30) (p = 0.026) [73]. However, another study
didn’t find any significant difference between different age groups (p = 0.11) [25] and only a trend to
an increase of LSMs with age was found when using the linear transducer (p = 0.05). Technical factors
may also affect LSMs, including the transducer used: a significant difference was found for mean
elasticity between the linear and convex transducers: 5.96 kPa £ 1.31 and 6.94 kPa & 1.42, respectively
(p =0.006) [25].

3.3.4. Number of Measurements Needed

2D-SWE enables evaluation of the velocity of several shear wave fronts in real-time. There are no
specific manufacturer recommendations on how many measurements are sufficient to obtain reliable
results. In addition, repeating procedures to obtain 10 measurements is challenging in children. The
mean LSMs obtained with three, five and seven acquisitions demonstrated almost perfect agreement
with the reference obtained with 15 acquisitions in both free-breathing and breath-holding status. Three
acquisitions can be enough for hepatic LSMs in children older than 6 years regardless of breathing
status or hepatic pathology. More acquisitions are recommended for children under the age of 5 years
during free breathing [72]. To reach an acceptable liver stiffness error range below 5%, the use of the SI
to identify unreliable measurements was found to reduce the number of acquisitions required from 8
to 5 in the free-breathing group, and from 6 to 2 in the breath-hold group [74].

3.3.5. Pediatric Patients with NAFLD

2D-SWE is an accurate and reproducible non-invasive technique that efficiently depicts the
presence of significant liver fibrosis and, less accurately, mild liver fibrosis in pediatric patients with
NAFLD. 2D-SWE showed a very high correlation with liver fibrosis (p < 0.001) at univariate and
multivariate analyses. The AUROCs for the association of any and significant fibrosis were 0.92 and
0.97, respectively [12].

3.3.6. Liver Fibrosis in Biliary Atresia (BA) Patients

The availability of an effective non-invasive tool for monitoring liver fibrosis in children with BA
is important, but evidence is limited. 2D-SWE is a more promising tool to assess liver fibrosis than
APRI and fibrosis-4 (FIB-4) in children with BA after the Kasai procedure. The AUROCsS of 2D-SWE,
APRI and their combination were 0.79, 0.65 and 0.78 for significant fibrosis; 0.81, 0.64 and 0.76 for
advanced fibrosis; and 0.82, 0.56 and 0.84 for cirrhosis, respectively [19].

LSM was found to be higher in patients with BA as compared to controls: 12.6 kPa (10.6-18.8)
versus 9.6 kPa (7.5-11.7) (p < 0.001), without any difference between gender (p = 0.071) [73]. The
difference in LSMs between BA patients and controls also applied to the two age groups using the
60-day age cutoff (p < 0.001 below age cutoff and p = 0.002 above age cutoff). Using a cutoff value
>10.2 kPa, the sensitivity, specificity, positive predictive value and negative predictive value for the
diagnosis of BA were 81.4%, 66.7%, 76.0%, and 73.5%, respectively. Using the same cutoff value,
the sensitivity of the test improved to 92.5% in the >60 days old age group (1 = 60), whereas it
decreased to 68.2% in younger babies (n = 53). In these patients, age, direct and indirect bilirubin levels
significantly correlated with LSM (all p < 0.001), whereas both ALT and AST levels did not correlate
(both p > 0.05) [73]. In 12 patients after the Kasai intervention (M:F = 3:9, mean age 9.3 & 4.4 years, age
range 3-18 years old), without clinical evidence of acute illness including cholangitis, and no incidental
mass or cystic lesion in the liver, the mean value from fifteen LSMs was 8.0 &= 2.2 kPa.

3.3.7. Intrahepatic Portal Hypertension

LSM has been significantly correlated with hepatic venous-pressure gradient (HVPG). The
AUROC for predicting clinically significant portal hypertension was 0.914, and the best cut-off value
of 18.4 kPa showed sensitivity of 87.5% and specificity of 84.0%. 2D-SWE had excellent diagnostic
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performance for predicting clinically significant portal hypertension in children with suspected liver
diseases. It has been suggested that a coefficient of variation (CV) < 0.2 may possibly be used as a
reliability criterion in 2D-SWE measurement [16].

3.3.8. Focal Liver Lesions

Evidences are limited and no conclusion can be drawn. In a case-control study on 20 patients with
hepatic tumors, stiffness estimates of malignant tumors by two operators were found to be significantly
higher (p = 0.02) than that of hepatic hemangiomas: 47 kPa and 58 kPa for malignant lesions versus
22 kPa and 24 kPa, respectively, for both operators. The AUROC of SWE for differentiating hepatic
hemangiomas from malignant hepatic tumors was 0.77 with a sensitivity of 72.7% and a specificity
of 66.7%, using a cutoff value of 23.62 kPa. IContrast-enhanced ultrasound (CEUS) is used for the
improved detection and characterization of focal liver lesions [75-81]. CEUS does not influence the
measurement of liver stiffness [82].

3.4. Strain Imaging (Real-Time Elastography (RTE))

Real-time elastography (RTE) has been used mainly for the evaluation of the pancreas [83-86],
the thyroid [87-94], the prostate [95], the breast [5,96] but also for the liver [1,2,7,97]. Published
evidence in children is scarce and contradictory [98-100].

4. Comparison of TE, pSWE and 2D-SWE

Using TE as a reference method, sensitivity of pPSWE was 71.42% for detecting F1 fibrosis, 77.77%
for F2, 62.5% for F3, and 71.42% for F4. Sensitivity of 2D-SWE was 92.85% for detecting F1, 83.33%
for F2, 87.5 % for F3, and 85.71 % for F4. Significant correlation was found between TE and 2D-SWE
overall (Kappa correlation factor = 0.843, p = 0.001). Analyzing the subgroup with success rate (SR) =
60-70%, no significant correlation between TE and pSWE was found (Kappa correlation factor = 0.172,
p = 0.452). Assessing the subgroup with SR > 70%, a significant correlation between TE and pSWE was
found (Kappa correlation factor = 0.761, p = 0.001). Overall, 2D-SWE correlated with TE better than
PSWE [24].

5. What Is the Benefit of SWE in Children?

Invasive methods for the evaluation of the severity of liver diseases in children are more difficult to
perform. Sedation is sometimes necessary, the parents and the children are afraid of the procedure and
its complications, especially if repeated procedures are needed for follow-up. Thus, in this population
the need for non-invasive modalities of evaluation is of great interest. The main advantages of
ARFl-based elastography techniques are that they are rapid, repeatable when necessary, not expensive
and available in high-end ultrasound machines. Moreover, they are painless, take less than 5 min
and little cooperation is needed from the child. In infants, the procedures may take longer time since
cooperation from the patient is more difficult, and may require parent support. On the other hand,
liver biopsy, which is the reference standard for fibrosis staging, has several limitations, including
bleeding and possible surgery, the possible need for sedation, pain, fear and others, so it is not always
feasible in the follow-up of patients with chronic parenchymal liver diseases [36,37,40,69].

5.1. What Is Best in Children: TE, pSWE or 2D-SWE and Why?

As for the adult population, maybe it is too early to answer this question. Each method has its
strong points, including feasibility, reproducibility, acceptable number of false positive or negative
results. TE is quick to perform and very little cooperation is needed. It is also the most studied
technique since it was the first available on the market. On the other hand, the cost of the machine
and the additional cost for probe calibration in a system that is not embedded in an ultrasound
machine should be considered. However, it is a unique device that has also the advantage of steatosis
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assessment by controlled attenuation parameter (CAP). pSWE and 2D-SWE techniques are available
on conventional high-end ultrasound machines and have the advantage of good feasibility. Moreover,
these techniques are accurate in staging liver fibrosis. Future comparative, prospective studies are
necessary for the definitive answer to this question.

5.2. Scores in Fatty Liver Disease and Fibrosis: Are They Better than SWE?

Another alternative for the non-invasive assessment of liver fibrosis are the serologic tests such
as FibroTest, APRI, Forns Index, Fib-4, NAFLD test, PNFI, pediatric NAFLD fibrosis score (PNEFS),
and so on. FibroTest-ActiTest has been validated in children with chronic hepatitis C [101,102]. Only a
few studies have been published regarding the comparative value of ultrasound-based elastographic
techniques and serologic tests. In a pilot study, it was found that, for the diagnosis of cirrhosis,
the AUROC: for TE, FibroTest, and APRI were 0.88, 0.73, and 0.73, respectively [49]. In an Egyptian
cohort, the AUROCsS of TE and APRI score for discriminating significant fibrosis (F2, Metavir score)
were 0.883 and 0.746, while the correlations with liver biopsy were 0.58 and 0.53, respectively [21].

The advantages of serological tests are that they do not require any specialized equipment,
however patented tests are expensive and not readily available. FibroTest-ActiTest, even though
expensive, has the advantage of giving information regarding the severity of inflammation.

Considering the scarce comparative data between serology and elastography tests in children,
a definite conclusion regarding which one is the best cannot be drawn.

6. Limits of Liver Elastography

Neither non-invasive elastographic techniques nor laboratory scores allow a determination of
the presence and the degree of inflammation, necrosis, fat deposits (micro- or macro-vesicular, mixed)
and iron or copper deposits. Elastography does not replace biopsy and histological evaluation in
autoimmune hepatitis including treatment control and some other forms of acute and chronic liver
disease before and after transplantation. Elastographic techniques cannot discriminate between
contiguous stages of fibrosis (FO vs.F1; F1 vs. F2). Quality parameters are of importance [103].

Some prognostically important markers such as portal inflammation and the exact degree of
fibrosis are best determined by liver biopsy [28,104]. It seems clear that SWE cannot replace all
information shown in the complex published scores for adult and pediatric patients (e.g., Desmet
(CHC), METAVIR and Ishak (CHC, CHB)) to evaluate the necro-inflammatory activity (grading) and
stage of fibrosis. The Semiquantitaive Scoring System (SSS) of Chevallier was developed to quantify
fibrosis irrespective of the underlying disease. In a series of 430 obese children the association and
prognosis of portal inflammation, metabolic syndrome and fibrosis was shown only with histology [28].
This information cannot be obtained with non-invasive measurements.

7. Conclusions

SWE techniques have increasingly been used in children with several etiologies of diffuse liver
disease. Each technique has its strong points, including feasibility, reproducibility, acceptable number
of false positive or negative results. TE is quick to perform and very little cooperation is needed. It is
also the most studied method since it was the first available on the market. Point SWE and 2D-SWE
techniques are available on conventional high-end ultrasound machines and have the advantage of
allowing the morphological assessment of the liver in B-mode as well.

Studies have shown that all SWE techniques are feasible in children at any age with acceptable
reliability. LSMs values seem age-dependent, with children of age 12 or more having values similar
to adults. The majority of studies have shown that girls have significantly lower LSMs than boys of
the same age; however some studies did not confirm this finding. SWE is feasible also in babies but
confounding factors such as the probe choice, sedation, or food intake need to be taken into account
when interpreting the results.
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As reported in adults, LSMs obtained in the right liver lobe are lower than those obtained in the
left lobe, and measurements should be performed in the right lobe whenever possible. The majority of
studies have shown that LSMs are not influenced by the BMI.

The intra-operator reproducibility of LSMs by 2D-SWE was found to be excellent and the breathing
does not seem to affect the results. Three 2D-SWE acquisitions can be enough for hepatic LSMs in
children older than 6 years old regardless of breathing status or hepatic pathology. More acquisitions
seem needed for children under the age of five during free breathing.

Ultrasound elastography is a reliable non-invasive method to monitor liver fibrosis in pediatric
patients. However, for some pathologies, such as biliary atresia, the evidence is still limited. As shown
in adults, inflammation is a confounding factor when assessing fibrosis severity and care should be
taken when interpreting the results. Elastographic techniques cannot discriminate between contiguous
stages of fibrosis (FO vs. F1; F1 vs. F2). Moreover, as reported in adults, LSMs for the same stage of
fibrosis vary according to different etiologies of liver disease and different values are obtained with
different ultrasound systems.

Due to the scarce comparative data between serology and elastography techniques in children,
a definite conclusion regarding which is the best cannot be drawn. Neither non-invasive elastographic
techniques nor laboratory scores allow a determination of the presence and the degree of inflammation,
necrosis, iron or copper deposits.
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