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Background: Elastography has not been widely applied to the gastrointestinal tract. The bowel wall’s
normal elasticity values are still unknown and are necessary for studies of gastrointestinal diseases. This study
explores the feasibility of using shear wave elastography (SWE) to measure the terminal ileum wall stiffness
in healthy subjects and establish the corresponding normal ranges of elasticity values.

Methods: This observational study recruited 139 healthy adult volunteers from April to July 2020.
All examinations were performed in the anterior terminal ileum wall. Shear wave velocity (SWV) and
Young’s modulus (E) values were measured in the midline on longitudinal sections and replicated different
operators’ obtained data. Also, bowel wall thickness (BWT) and depth were recorded. Subgroups were
classified according to the volunteers’ gender, age, body mass index (BMI), BWT, and depth. The intra-class
correlation coefficient was calculated to analyze inter- and intra-operator consistency, and independent t-tests
and one-way analysis of variance were used to explore the differences in variables.

Results: The inter- and intra-operator agreements were good to excellent by different operators and in
the replicated measurements (intra-operator consistency: 0.963; inter-operator consistency: 0.842). In all
volunteers, the mean SWV was 1.08+0.25 m/s, the mean E value was 3.84+1.84 kPa, and the median BWT
was 2 mm. SWV and E did not show significant differences according to gender (P=0.589), age (P=0.738),
BMI (P=0.678), depth (P=0.375), or BWT (P=0.410). BWT did not show significant differences according to
age (P=0.142), BMI (P=0.863), or depth (P=0.368).

Conclusions: SWE can be used in terminal ileum wall stiffness measurements with good reliability,
and the SWE values do not appear to vary significantly according to different physiological factors. The

corresponding elasticity ranges of the terminal ileum in normal adults were acquired.
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Introduction

Elastography is an ultrasound (US)-based imaging
technology that objectively assesses tissue stiffness. It was
first described by Ophir ez /. in 1991 (1) and is regarded
as an extension of conventional US (2). It introduces a
mechanical excitation and monitors the resulting tissue
response, exerting a comparable effect to that of palpation
but with increased spatial discrimination and objectivity
(3,4). Therefore, it is valuable for differential diagnosis
since tissue stiffness changes are often involved in various
diseases (3,5).

Elastography mainly comprises two different approaches:
strain elastography and shear wave elastography (SWE).
Of these, SWE can measure the quantitative information
of elasticity recorded as specific data (SWV/E) (3,5). The
SWE application was developed more recently than strain
elastography, especially regarding the gastrointestinal (GI)
tract (2,6).

Initially, SWE was widely used to evaluate and characterize
liver, breast, and thyroid diseases (7-9). It was first used in
GI diseases in 2013 by Dillman ez 4/. (10), who conducted a
Crohn’s disease animal model. Several studies have reported
the value of using SWE, especially in inflammatory bowel
disease (IBD) and rectal neoplasms (10-19). For instance, it
has proven effective in the differentiation of fibrotic from
inflammatory strictures in Crohn’s disease (14,18) and in
assessing and staging rectal tumors (12,13,15). However,
there are only a few studies of SWE involving healthy
subjects, especially trans-abdominally (20), and the normal
elasticity values of the bowel wall measured by SWE remain
uncertain (18,21-25).

The terminal ileum (TI) is the most commonly
involved site of various diseases in the small intestine and
has a comparatively stationary anatomic location (20).
Additionally, the thickness of other bowel wall usually
ranges from 1 to 2 mm (26), whereas the TT may be slightly
thicker (27). This makes the TT preferable for elasticity
measurements because it is less influenced by peristalsis
and is more suitable for the placement of regions of interest
(ROI). This study aims to explore the feasibility of using
SWE to measure the TT wall elasticity in healthy subjects
and to establish the corresponding normal reference ranges.

Methods

This observational study was approved by the ethics
committee on the biomedical research of the West China
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Hospital of Sichuan University (no. 359, 2020), and written
informed consent was obtained from all subjects. Subjects
were included if they were aged 18-70 years and had no
known diseases or history of digestive, cardiovascular, or
immune system disorders. Exclusion criteria were any
imaging, laboratory evidence, or history of the disease in
the systems above, pregnancy or lactation, or age under
18 or over 70 years (Figure I). In total, 139 healthy adult
volunteers (mostly students and workers in the hospital
and their relatives) were enrolled from April to July 2020.
Besides demographic data such as gender, age, height,
weight, and BMI, BWT and the depth of the anterior
TT wall were also recorded. Subgroups were classified
according to the volunteers’ gender, age, BMI, BWT, and
depth.

Conventional US and elasticity data acquisition

Conventional US and SWE were performed using the
Acuson Sequoia system (Siemens, Erlangen, Germany) with
a 4-10 MHz 10L4 linear transducer, a general abdomen
preset, and 8 cm/s set for the Color Doppler scale (as
default). The two operators had over 5 years’ experience in
GI tract US. All volunteers had fasted for over 8 hours and
were placed in the supine position to relax the abdomen. To
avoid intraluminal gas interference, all data were obtained
from the anterior TT wall, with moderate compression. The
echo beam was always perpendicular to the abdominal wall.
The probe was initially placed vertically to the ascending
colon’s long axis section, then moved downwards to the
ileocecal valve level to reach the TI. The measurements
were performed in the midline on longitudinal sections of
the TT (Figure 2), within 5 cm of the ileocecal valve.

In the conventional US images, depth and BWT were
measured (Figure 3, A and B), and bowel vascularization
was observed (Figure 2). The vascularity grading protocol
of 0-IV referred by Limberg ez 4/. in 1999 (28) was used
as follows: 0 = normal BWT; I = a thickened bowel wall
without a color Doppler signal; II = a few, short signals; I1I
= long intramural perfusion signals; IV = intramural and
mesentery signals. SWE was performed to measure the
TT wall stiffness. The bowel wall consists of five distinct
sonographic layers when examined with a mid-high
frequency probe: starting from the lumen, the hyperechoic
layer 1 corresponds to the interface between the mucosa
and the lumen. The hypoechoic layer 2 corresponds to
the mucosa. The hyperechoic layer 3 corresponds to the
submucosa, including the interface between the submucosa
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Preliminary volunteers

(n=156)

Combined with diseases or history
in digestive, cardiovascular, immune
systems or with pregnancy or lactation
(n=3)

Under 18 or over 70 years old
(n=9)

—>

Absence of terminal ileum wall
stratification
(n=5)

A

Final volunteers involved

(n=139)

Figure 1 Volunteers’ recruitment flowchart.

Figure 2 The longitudinal section of the TI. The blood flow
signals of the TT wall are not observed (Limberg score 0). Arrow:
cecum; asterisk: ileocecal valve; arrowhead: anterior wall of TT. TT,

terminal ileum.

and mucosa. The hypoechoic layer 4 corresponds to most
of the proper muscle. And layer 5 corresponds to the
hyperechoic interface echo between the proper muscle
and the serosa (20). BWT was measured from the mucosa
interface and the lumen, to the interface between the serosa
and proper muscle (20,29) (Figure 3B).

The ROI was placed in the SWE mode to cover the
whole anterior TT wall for 3-5 consecutive samplings to
obtain the E and SWV values (Figure 4). The ROI diameter
was determined by the rounding value of the BWT of the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

anterior TT wall, from the interface between the mucosa and
the lumen to the interface between the serosa and proper
muscle. The ROI placements were not overlapped, and we
placed five ROIs when applicable. If the proximal TT wall
was too thin to set the ROI, or the section was not ideal,
three measurements were taken instead of five. The median
of the 3-5 measurements was selected as the representative
value. Then another row of 3-5 measurements and the
median selection was repeated by the same operator
(operator 1). The measurements were taken while
volunteers held their breath. Each volunteer underwent two
replicated measurements, both in the longitudinal section,
by operator 1 (Figure 44). SWV values were reported in
meters per second (m/s) and E in kilopascals (kPa).
Meanwhile, some volunteers were randomly chosen to
be examined by operator 2 (Figure 4B), who was blinded to
the results of operator 1. The parameters were measured
in the midline on longitudinal sections as previously
described. Due to workforce and time constraints, we chose
20 volunteers and collected their data to calculate inter-
operator consistency. Additionally, the data of all volunteers
obtained by operator 1 on two separate occasions were
compared to calculate intra-operator consistency. Since
the E value comes from SWV (c): E = 3pc® (where p is a
constant representing the soft tissue density) (3), the inter-
and intra-operator consistencies were calculated only for

the SWV values.
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Figure 3 Measurement of depth and BWT. All measurements were performed in the anterior wall of the TI. (A) Depth measurement,

between skin and serosa. (B) BWT measurement, from the interface between the mucosa and the lumen (white line), to the interface

between the serosa and proper muscle (red line). BWT, bowel wall thickness; TT, terminal ileum.

P:

Std Dev=0.0 kPa

Depth=2.22 cm
m

Depth=2.11 cm

2=0 30

Figure 4 Measurement of SWE values of the TI by different operators. (A) Dual-picture of SWV and E measurements by operator 1. (B)

Dual-picture of SWV and E measurements by operator 2. SWE, shear wave elastography; TT, terminal ileum; SWYV, shear wave velocity; E,

Young’s modulus.

Statistical analysis

The Statistical Package for the Social Sciences (version
19.0.0, IBM SPSS Statistics, Armonk, NY, USA) was used
for all statistical analyses. From the results of previous
studies, the mean and standard deviation for SWE values
and a permissible error (8) of 0.2 were used to calculate a
sample size of 123 subjects (139 in actual) to achieve 95%
confidence (one-sided). An independent 7-test was used
for the analysis of continuous variables. One-way analysis
of variance was used for SWV and E among subgroups
of age, BMI, depth, and BWT. Normally distributed data
were described as the mean + standard deviation plus
range, and non-normal data (height, weight, and BWT)
were described as the median plus range. The intra-class
correlation coefficient (ICC) and 95% confidence interval
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(CI) were calculated to evaluate the inter- and intra-group
data reliability. Probability values <0.05 were considered
statistically significant.

Results
Volunteer information

According to the exclusion criteria, 17 volunteers were
excluded (Figure I). In total, 139 healthy volunteers
were included (41 men, 98 women) with an age range of
18—68 years (mean: 39.72+12.06 years), height range of
1.45-1.81 m (median height: 1.60 m), weight range of
42-87 kg (median weight: 58 kg), and a BMI range of
15.8-33.3 kg/m’, (mean BMI: 22.53+3.01 kg/m?)
(Table 1). The TT wall stratification existed in all volunteers.
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Parameters Overall Male (n=41) Female (n=98) P value
Age (years), mean + SD [range] 39.72+12.06 [19-68] 38.27+12.38 [19-65] 40.33+11.94 [19-68] 0.361
Height (m), median (range) 1.60 (1.45-1.81) 1.72 (1.50-1.81) 1.57 (1.45-1.70) <0.001
Weight (kg) median (range) 58.0 (42.0-87.0) 70.5 (44.0-87.0) 54.0 (42.0-75.0) <0.001
BMI (kg/m?), mean + SD (range) 22.53+3.01 (15.8-33.3) 23.43+2.74 (18.1-30.8) 22.18+3.05 (15.8-33.3) 0.035
BWT (mm), median (range) 2.0(1.2-3.4) 2.2 (1.3-3.4) 1.9 (1.2-3.3) 0.022
Depth (mm), mean + SD (range) 22.28+6.55 (11.5-39.9) 23.11+6.46 (11.7-39.9) 21.93+6.59 (11.5-39.7) 0.333

The P value represents differences in gender. BMI, body mass index; BWT, bowel wall thickness; SD, standard deviation.

Table 2 Inter- and intra-operator consistency of SWV values measurements

Consistency SWV (m/s) ICC (95% Cl)
Intra-operator consistency (n=139) 1.02+0.18 0.963 (0.947-0.975)
First time 1.01£0.20
Second time 1.03+0.22
Inter-operator consistency (n=20) 1.12+0.20 0.842 (0.576-0.941)

SWV, shear wave velocity; ICC, intra-class correlation coefficient; Cl, confidence interval.

According to the measurement protocol of Limberg’s
scoring system (28), no pathological increase of blood flow
was detected, indicating a normal TT wall in all volunteers.

For the total number of volunteers, the mean value
of SWV was 1.08+0.25 m/s (range, 0.6-2.11 m/s), E was
3.84x1.84 kPa (range, 1.1-13.4 kPa), and the depth was
22.28+6.55 mm (11.5-39.9 mm). The median of the BWT
was 2.0 mm (1.2-3.4 mm).

Reliability of SWV measurements

Data from 20 volunteers were used to calculate the inter-
and intra-operator consistencies of the SWV measurements.
The mean SWV values measured by the different operators
were 1.02+0.18 m/s (operator 1) and 1.12+0.20 m/s
(operator 2). The inter-operator agreement was good and
the corresponding ICC was 0.842 (95% CI: 0.576-0.941)
(Table 2). The mean SWV values measured by operator 1
were 1.01+0.20 m/s (the first occasion) and 1.03+0.22 m/s
(the second occasion). The intra-operator agreement was
excellent and the corresponding ICC was 0.963 (95% CI:
0.947-0.975) (Table 2).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Elasticity parameters in different subgroups

SWYV and E were evaluated in different subgroups (7able 3).
SWV and E did not show any significant differences with
gender (P=0.589), age (P=0.738), BMI (P=0.678), depth
(P=0.375), or BWT (P=0.410). The mean SWV and E of
the different subgroups are shown in 7able 3.

BWT in different subgroups

The BWT of the TI did not show any significant
differences with age (P=0.142), BMI (P=0.863), or depth of
the anterior wall (P=0.368) (7able 4). The gender difference
in BWT was significant. It was greater in males (range,
1.3-2.4 mm; median: 2.2 mm) than in females (range,
1.2-3.3 mm; median: 1.9 mm) (P=0.022) (Table 1). The
median BWT of the TT in the different subgroups is shown
in Tables 1,4.

Discussion

The small intestine remains challenging to examine
due to its anatomic and morphological characteristics.
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Parameters SWV (cm/s) E (kPa) P value
Overall average 1.08+0.25 3.84+1.84 -
Gender 0.589
Male (n=41) 1.17+0.33 4.65+2.53
Female (n=98) 1.14+0.30 4.05+1.94
Age (years) 0.738
18-29 (n=34) 1.23+0.30 4.82+2.42
30-49 (n=75) 1.14+0.33 4.05+2.18
>50 (n=30) 1.08+0.26 3.84+1.66
BMI (kg/m?) 0.678
<18.5 (n=7) 1.18+0.32 4.36+2.08
18.5-23.9 (n=93) 1.160.29 4.24+2.29
>24 (n=39) 1.12+0.35 3.96+1.96
Depth (mm) 0.375
10.9-19.9 (n=58) 1.22+0.31 4.79+2.52
20.9-29.9 (n=63) 1.10+0.26 3.90+1.84
>30.0 (n=18) 1.06+0.40 3.08+1.43
BWT (mm) 0.410
1.0-1.7 (n=44) 1.18+0.24 4.24+1.76
1.8-2.4 (n=66) 1.18+0.34 4.37+2.34
>2.5 (n=29) 1.03+0.32 3.58+2.34

The P value represents differences in SWV and E among different subgroups. The P value of SWV between different genders was
calculated by independent t-test. One-way analysis of variance was used to calculate the P value of SWV and E among subgroups of age,
BMI, depth, and BWT. SWV, shear wave velocity; E, Young’s modulus; BMI, body mass index; BWT, bowel wall thickness.

Conventional US is limited in the differential diagnosis of
small bowel diseases (5,27). SWE has created substantial
interest in the past few years for its ability to provide
quantitative tissue elasticity information (30). The
underlying principle is that many soft tissues can share
similar ultrasonic echogenicity but may have different
mechanical properties (3). Studies on the use of SWE
in the small intestine are currently scarce (6) and have
concentrated on intestinal diseases such as IBD rather
than the normal bowel. Inflammation or fibrosis can lead
to increases in bowel wall elasticity (11,14,17,31). Average
elasticity values in the normal TT conducted with large
cohorts have not been listed in the published guidelines and
recommendations about the small intestine (32). Therefore,
establishing the normal bowel wall’s reference ranges is
of great value in discriminating between pathological and

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

physiological bowel changes.

In our study, the mean value of SWV in the TT of normal
adults was 1.08+0.25 m/s, the mean E was 3.84+1.84 kPa,
and the median BWT was 2 mm. Elasticity values were not
correlated with other factors (gender, age, BMI, depth, or
BWT). Except for gender, BWT was not correlated with
other factors (age, BMI, or depth). The E and SWV values
in our results did not exactly follow the formula E = 3pc’
due to instrument-related factors. The formula only works
under certain limiting assumptions, including neglecting
structural stiffness (3,33). The E-value calculated from
SWV in our system may deviate. Therefore, SWV provides
results that are more closely related to actual stiffness (33).

The main challenges of using SWE in the GI tract
include peristalsis, a thin bowel wall, and the presence of
gas, contents, etc. Elasticity measurement requires the
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Table 4 BWT of the TT in different subgroups

Parameters BWT (mm) P value
Age (years) 0.142
18-29 (n=34) 2.01+0.52
30-49 (n=75) 2.09+0.43
>50 (n=30) 2.00+0.57
BMI (kg/m?) 0.863
<18.5 (n=7) 1.94+0.52
18.5-23.9 (n=93) 2.03+0.47
>24.0 (n=39) 2.17+0.51
Depth (mm) 0.368
10.0-19.9 (n=58) 1.92+0.43
20.0-29.9 (n=63) 2.15+0.50
>30.0 (n=18) 2.23+0.49

The P value represents differences in BWT among different
subgroups. BMI, body mass index; BWT, bowel wall thickness;
Tl, terminal ileum.

target to have a stationary anatomic location, minimal
peristalsis, and enough BWT to set the ROI. We chose to
measure the TT because it met these criteria (20,29), and it
is more difficult to make comparisons between healthy and
pathological subjects in other segments of the bowel wall.

As previously mentioned, the TT is a preferred location to
perform SWE to assess the bowel wall as well as lesions. To
our knowledge, there are no published data merely focused
on the normal TT. Other relevant studies mostly have other
foci, in which reference values of normal TT wall elasticity
are involved. For instance, Chen er 4. (34) performed a
similar study. The average value of E was 6.38+1.35 kPa in
the normal intestine of healthy volunteers (with a sample
size of 59 for the TI), which was higher than that in our
study (3.84x1.84 kPa), and which may be related to the
type of US device and the different sample size. A study
conducted by Goertz et al. (11) using acoustic radiation
force impulse (ARFI) showed that normal SWV values of
the TT were 1.6£0.35 m/s (compared with 1.08+0.25 m/s
in this study). However, they investigated only 13 healthy
volunteers and mainly focused on pathological states.

Our study considers it feasible to utilize SWE in the
ileocecal junction for its proper BWT and stationary
location. Moreover, the EFSUMB Recommendations
and Clinical Guidelines for Intestinal Ultrasound in
Inflammatory Bowel Diseases affirmed elastography’s value

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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in evaluating the stiffness of a Crohn’s stenosis. Several
published articles have also confirmed that elastography
can stably provide quantitative elasticity information in
the IBD bowel wall. Goertz et 4l. (11) found that the mean
ARFTI values in an ulcerative colitis group (1.97£0.64 m/s,
n=20) were higher than those of a healthy control group
(1.75+0.51 m/s, n=13). Ding et al. (18) indicated that the
optimal cut-off value was reached when the shear wave
velocity exceeded 2.73 m/s in evaluating and differentiating
intestinal stenosis in Crohn’s disease, with a sensitivity of
75%, a specificity of 100%, and an accuracy of 96%. Another
study by Chen et al. (14) suggested using 22.55 kPa as the
cut-off E value in discriminating between mild/moderate
and severe fibrosis, and the sensitivity and specificity
were 69.6% and 91.7% with an area under the curve of
0.822. Despite these findings, relevant research remains
inadequate, although research consensus suggests that
elasticity is likely to increase in IBD compared with healthy
subjects. Based on the current literature, a cut-off value
is required to discriminate IBD from the normal bowel
wall, and further research efforts are needed in this regard.
Compared with studies on IBD, the literature concerning
elastography in other GI diseases is scarce.

BWT is by far the most important and popular
parameter for Crohn’s disease, and many studies
have reported the reference values for the bowel wall
(TT: 1-3 mm) (29,35,36). We measured the normal value
of BWT as a part of our study, and the value (2 mm) was
consistent with previously published guidelines and studies.
We used a mid-frequency linear probe (4-10 MHz) to
examine the TT since the TI is comparatively superficial.
The resolution of a mid-frequency range transducer is
quite adequate for separating individual layers in the bowel
wall according to the EFSUMB Recommendations and
Guidelines for Gastrointestinal Ultrasound (2017) (20).
Besides, patients with IBD in China are comparatively thin,
without thick abdominal fat. It is not difficult to observe the
TT with a mid-high frequency probe in clinical practice.

SWE value measurements can be influenced by several
confounders, both technical and patient-related, such as
BMI, depth of ROI placement, ROI size, etc. In our study,
SWE values did not show any significant difference with
BMI. This result was opposite to our expectation, and the
reason may be due to unevenly distributed data caused by
the lower-than-average BMI in a Chinese population. We
were unable to find guidelines defining an inverse or direct
correlation between BMI and SWE values, and the results
of relevant researches have not been consistent (37). We
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will continue to take note of other reports on the influence
of BMI on SWE measurements.

Regarding depth, some studies indicate a decrease of
SWYV in deeper ROI placements (38,39), while others
report no significant correlation (37). In the current
literature, SWV measurements appear to be feasible with
a depth of placement between 1-5 c¢cm (33,38). In our
study, SWE values did not show any significant difference
according to depth. ROI size is also a confounder of SWV
measurements. SWV seems to increase with a larger ROI
in some studies (38,39), but the trend is not significant
in others (40). In this study, we did not analyze SWV
in different ROI sizes because the BWT decided the
diameter to include the whole bowel wall. Therefore, we
did not establish subgroups based on ROI size. The direct
correlation between ROI size and SWV measurements in
the GI tract should be investigated with a rigorous design
in future research. Further studies on a standardized
measurement protocol for SWE are required, given the
influence of several confounders and the relatively short
history of SWE wuse.

We focused on elasticity values and provided preliminary
reference ranges in healthy subjects in a southwest
Chinese population. We consider it valuable because of the
increasing incidence of IBD worldwide, especially in China
(2.8% annually) (41). The primary data we obtained may
be useful in quantitating IBD progression in future studies,
especially in assessing the activity and grading of Crohn’s
disease.

Limitations of the present study

@ The volunteers enrolled in our study were
asymptomatic and history-free cohorts. Thus we
cannot exclude the possibility that some volunteers
might have latent diseases.

(II)  This is a single-center study using a single vendor
(Siemens). We did not compare the differences in
SWE values among various US systems.

(III) We chose to measure the anterior TT wall because
gas and fecal deposits in the lumen made the
posterior wall difficult to see. And our samples of
the TT were within 5 cm of the ileocecal valve, and
the reference ranges may not be applicable in other
segments of TI.

(IV)  Only 20 samples were used to obtain inter and intra-
operator consistencies.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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(V) The permissible error was set as 0.2 for exploring the
preliminary reference ranges. It should be reduced
in subsequent studies in order to achieve more
precise measurements. This is a pilot study, and the
representative elasticity values of the GI tract require
further validation.

Conclusions

The mean value of SWV in the TT of normal adults was
1.08+0.25 m/s, the mean E value was 3.84+1.84 kPa,
and the median of BWT was 2 mm. SWE seems to be a
promising approach to measure elasticity information of the
TI, and SWE values do not appear to vary significantly due
to several physiological variables. Future studies are needed
with larger cohorts and more rigorous criteria.
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