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Purpose: To determine if acoustic radiation force impulse elastogra-
phy-derived bowel wall shear wave velocity (SWV) allows 
distinction of acutely inflamed from fibrotic intestine in a 
Crohn disease animal model.

Materials and 
Methods:

University Committee on the Use and Care of Animals 
approval was obtained. An acute inflammation Crohn 
disease model was produced by treating eight Lewis rats 
with a single administration of trinitrobenzenesulfonic 
acid (TNBS) enema, with imaging performed 2 days later 
in the surviving six rats. Colonic fibrosis in an additional 
eight Lewis rats was achieved by administering repeated 
TNBS enemas during 4 weeks, with imaging performed in 
the surviving seven rats 7 days later to allow acute inflam-
mation resolution. Nine transcutaneous bowel wall SWV 
measurements were obtained from the colon in all rats 
without and with applied strain. Mean SWVs without and 
with applied strain were compared between animal co-
horts by using the Student t test, and receiver operating 
characteristic (ROC) curves were created to assess diag-
nostic performance.

Results: Mean bowel wall SWVs were significantly higher for fi-
brotic versus acute inflammation cohort of rats at 0% (3.4 
6 1.1 vs 2.3 6 0.5 m/sec; P = .047) and 30% (6.3 6 2.2 
vs 3.6 6 0.9 m/sec; P = .02) applied strain. Both acute 
inflammation and fibrotic cohort of rats demonstrated lin-
ear increases in mean SWV with increasing applied strain, 
with significantly different mean slopes (P = .02) and y-in-
tercepts (P = .02). The area under the ROC curve of the 
SWV ratio (mean SWV/applied strain) for differentiating 
histopathologically confirmed fibrotic from inflamed bowel 
was 0.971.

Conclusion: Bowel wall SWV helps distinguish acutely inflamed from 
fibrotic intestine in a Crohn disease animal model.
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material’s ability to resist deformation to 
shear and compression and/or tension, 
respectively), all increase with increasing 
material or tissue hardness (19).

ARFI elastography has been used to 
assess a variety of human tissues based 
on their biomechanical elastic prop-
erties, including liver (20–22), breast 
(23), and prostate (24). While recent 
studies have demonstrated promis-
ing results for discriminating inflamed 
from fibrotic bowel by using manual 
US elastography and speckle tracking 
(quasi-static strain imaging) (25,26), 
no study, to our knowledge, has inves-
tigated whether ARFI elastography–de-
rived SWV can distinguish inflamed 
from fibrotic bowel segments in either 
an animal model or humans with Crohn 
disease. Major advantages of using SWV 
imaging compared with other forms of 
US elastography include its ease of use, 
quantitative nature, and reproducibility.

The purpose of our study was to 
determine if ARFI elastography–de-
rived bowel wall SWV can be used to 
distinguish acutely inflamed from fi-
brotic bowel segments in an established 
Crohn disease animal model.

Materials and Methods

Siemens Medical Solutions (Mountain 
View, Calif) partially supported this 

The overwhelming majority of in-
vestigations evaluating the radiologic as-
sessment of inflammatory bowel disease 
lack an appropriate reference standard. 
This is because obtaining human full-
thickness bowel wall tissue specimens for 
comparison with imaging findings is not 
possible, unless the subject happens to 
be undergoing clinically indicated surgery 
immediately after imaging. As a result, 
suboptimal reference standards such as 
endoscopic mucosal findings, superficial 
endoscopic biopsy results, surveys of pa-
tient symptoms, laboratory values, and 
a variety of imaging-related findings are 
commonly used (3–9,13). Study of an 
animal model of Crohn disease provides 
a more definitive reference standard for 
imaging tests to be compared against, 
namely, immediately resected full-thick-
ness bowel wall tissue that allows for 
quantification of active inflammation and 
fibrosis at histopathologic examination.

US elasticity imaging is a noninvasive 
method for evaluating tissue hardness 
(18,19). In one method, shear waves 
are generated remotely by using an ul-
trasound transducer that produces an 
acoustic radiation force impulse (ARFI). 
The ARFI, or push pulse, displaces tar-
geted tissue at a specified depth, and then 
the same transducer is used to track or-
thogonal shear waves as they propagate 
through the tissue of interest (19). The 
distance traveled by the generated shear 
wave per unit of time (mm/msec) pro-
vides an estimate of shear wave velocity 
(SWV). SWV, as well as values of Young 
and shear moduli (intrinsic measures of a 

Crohn disease is a relapsing and 
remitting form of transmural in-
flammatory bowel disease that 

affects the gastrointestinal tract of 
both children and adults (1). Fibrosis 
within the bowel wall as a response to 
inflammation occurs unpredictably in 
some Crohn disease patients with re-
sultant stricture formation and bowel 
obstruction (2). While a variety of im-
aging tests can identify bowel wall hy-
perperfusion and active inflammation in 
Crohn disease, including contrast ma-
terial–enhanced ultrasonography (US) 
(3–16), the distinction between inflam-
mation and fibrosis can be difficult. Dis-
tinguishing active inflammation of the 
bowel wall from fibrosis is important 
as bowel segments that are abnormally 
narrowed due to active inflammation 
generally respond to medical therapy, 
whereas narrowed fibrotic bowel seg-
ments frequently require endoscopic 
dilatation or surgical management (17).

Implications for Patient Care

nn Increased bowel wall SWV corre-
lates with tissue fibrosis in an 
animal model of Crohn disease, a 
finding that may allow noninva-
sive characterization of intestinal 
strictures in humans.

nn The ability to accurately charac-
terize intestinal strictures as 
either predominantly inflamma-
tory or fibrotic by using ARFI 
elastography–derived SWV mea-
surements should help clinicians 
medically and surgically treat 
patients with Crohn disease.

Advances in Knowledge

nn Increased acoustic radiation force 
impulse (ARFI) elastography–
derived bowel wall shear wave 
velocity (SWV) was significantly 
higher in fibrosis than acute in-
flammation cohort at 0% (3.4 6 
1.1 vs 2.3 6 0.5 m/sec; P = .047) 
and 30% (6.3 6 2.2 vs 3.6 6 0.9 
m/sec; P = .02) applied strain in 
an animal model of Crohn 
disease.

nn Bowel wall SWVs increase in a 
linear manner with increasing 
applied strain, up to at least 
30%–40% applied strain (indi-
vidual animal R2, 0.61–1).

nn The slope of bowel wall SWV 
versus applied strain can be used 
to distinguish bowel wall acute 
inflammation from fibrosis, inde-
pendent of initial ultrasound 
transducer preload; individual 
animal mean slopes (0.05 6 0.03 
vs 0.11 6 0.04; P = .02) and y-in-
tercepts (2.1 6 0.3 vs 3.3 6 1.1; 
P = .02) of fit lines were signifi-
cantly different between acute 
inflammation and fibrotic 
cohorts.
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distance. SWV measurements were ac-
quired at 0%, as well as approximately 
10%, 20%, 30%, and 40% for each 
rat. Ultrasound transducer output was 
below thermal and mechanical index 
thresholds established by the U.S. Food 
and Drug Administration.

A second cohort of eight rats re-
ceived weekly cTNBS enemas during 
4 weeks to promote chronic inflam-
mation and deposition of intestinal 
fibrosis. One rat in this cohort died 
prior to imaging, again due to bowel 
necrosis and subsequent perforation. 
Seven days following the final enema, 
US SWV imaging of this cohort also 
was performed (n = 7), as described 
for the acute inflammation cohort. 
Bowel wall SWVs could not be accu-
rately measured in multiple fibrotic 
rats when imaging with 40% applied 
strain, since they measured more than 
10 m/sec (the SVI technology utilized 
in our study cannot accurately measure 
SWVs . 10 m/sec; SWV . 10 m/sec 
indicates marked tissue hardness).

S3000 US system/9L4 transducer; Sie-
mens Medical Solutions, Mountain 
View, Calif), was used. Nine transcuta-
neous bowel wall SWV measurements 
(three anterior [12-o’clock position], 
three right lateral [9–10-o’clock posi-
tion], and three left lateral [2–3-o’clock 
position]) with use of a 1.5 3 1.5-mm 
region of interest (ROI) were obtained 
from the rectosigmoid colonic wall in 
all rats without and with increasing 
amounts of applied strain.

Each SWV value obtained repre-
sents the average of 100 separate SWV 
samples from within the ROI. Arrows 
placed along the serosal surface of the 
intestine by using real-time gray-scale 
imaging immediately prior to SWV 
image acquisition were used to guide 
ROI placement within the bowel wall 
for SWV measurement. ROI placement 
within the bowel wall was based on 
consensus opinion of two radiologists 
(J.M.R., 34 years in US experience; 
J.R.D., 4 years of adult and pediatric 
abdominal imaging experience). A con-
certed effort was made to avoid ROI 
placement over structures other than 
the bowel wall, although it is conceiv-
able that some ROIs included small 
amounts of pericolic soft tissue. The 
SWV imaging technology used utilizes 
multiple 5.71- MHz (when imaging at a 
depth  2 cm) or 4.44- MHz (when im-
aging at a depth . 2cm) “push pulses” 
and 6.15-MHz tracking beams.

Strain was applied to the rat abdo-
men as previously described by Kim et 
al (25) by using the ultrasound trans-
ducer and a purpose-built device to ex-
ert an extrinsic compressive force on 
the anterior abdominal wall (Fig 1). The 
amount of applied strain induced by this 
method was determined by measuring 
the distance between the skin of the an-
terior abdominal wall and a fixed osse-
ous structure located posteriorly within 
the rat pelvis (eg, sacrum). Baseline 
or 0% applied strain was established 
by providing the minimum transducer 
pressure to the anterior abdominal wall 
required to create the necessary con-
tact between the transducer and rat to 
generate a diagnostic image. Increas-
ing amounts of strain were applied to 
the animal by decreasing the above 

investigator-initiated study. The SWV 
imaging technology used for our inves-
tigation was developed and validated by 
Siemens Medical Solutions, was made 
available for this study at no cost, and is 
currently awaiting U.S. Food and Drug 
Administration approval for clinical use. 
Siemens Medical Solutions also pro-
vided funding for a portion of the direct 
costs of this investigation. The authors 
had complete control of all data and 
information presented for publication. 
Appropriate University Committee on 
the Use and Care of Animals approval 
was obtained.

Study Cohorts and US Elastography 
Imaging
Sixteen female Lewis rats (Harlan, In-
dianapolis, Ind) received intrarectal ad-
ministrations of trinitrobenzenesulfonic 
acid (TNBS) by using the method previ-
ously described by Kim et al (25). This 
intervention is known to cause rapid-
onset active inflammation of the colon 
(acute colitis) and subsequent intestinal 
fibrosis, and it has been used in multi-
ple prior studies as an animal model for 
Crohn disease (25,27). A single TNBS 
administration produces acute inflam-
mation of the distal colon and rectum 
that peaks 2–3 days after enema and 
resolves after about 7 days. Weekly 
TNBS enema administration with es-
calating doses causes repeated cycles 
of intestinal inflammation and healing, 
yielding chronic colitis and bowel wall 
fibrosis by a similar mechanism to hu-
man Crohn disease. This model typi-
cally generates intestinal fibrosis after 
approximately 4 weeks.

Animals were randomly assigned to 
one of three treatment cohorts. Eight 
rats received a single TNBS enema as 
part of the acute inflammation cohort. 
Two of these rats died prior to imag-
ing due to TNBS-induced bowel necro-
sis and associated perforation. Three 
days after TNBS exposure, abnormally 
thickened colonic bowel wall in the rec-
tosigmoid junction region was assessed 
with US (n = 6). SWV imaging, which 
uses ARFI elastography technology to 
generate a quantitative color elasticity 
map of soft-tissue SWVs on a pixel-by-
pixel basis (Virtual Touch IQ, Acuson 

Figure 1

Figure 1:  Purpose-built device used to exert 
external mechanical compression (applied strain) 
to anesthetized rat (rat model used in image). 
Increasing amounts of applied strain are achieved 
by increasing the force applied to the anterior 
abdominal wall by the ultrasound transducer.
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A third cohort of three rats received 
repeated weekly phosphate-buffered sa-
line enemas during a 4-week period and 
served as a negative control group. At-
tempts to image the colonic wall of these 
rats by using gray-scale US and SWV 
imaging were unsuccessful due to the 
absence of appreciable wall thickening.

All rats were immediately eutha-
nized following US imaging, and their 
colons were dissected. The gross 
appearance of the colons was docu-
mented with photography (Fig 2). His-
topathologic analysis was performed 
by a gastrointestinal pathology fellow 
(D.S.M.), who was blinded to the treat-
ment group, to grade the amounts of 
bowel wall active inflammation and fi-
brosis. Slides stained with hematoxy-
lin-eosin and Masson trichrome were 
reviewed and previously described 
scoring systems were utilized (Table 1)  
(25,28,29).

Statistical Analysis
Mean bowel wall SWVs and standard 
deviations were calculated and com-
pared between the acute inflammation 
and fibrotic animal groups without and 
with applied strain on an intent-to-image 
basis by using the Student t test (two 
tailed, assuming unequal variances). 
Linear regression was used to assess 
changes in mean SWV with changes in 
applied strain for each cohort (with each 
animal contributing a single mean SWV 
measurement for a given applied strain), 
and the individual animal y-intercepts 
and slopes of the fit lines were compared 
(again by using the two-tailed Student t 
test, assuming unequal variances). On 
the basis of the significant relationship 
between SWV and applied strain, a 
SWV ratio was calculated as the mean 
SWV for a given amount of applied 
strain divided by the amount of applied 
strain. SWV ratios were calculated for 
each animal at 10% or greater applied 
strains. Receiver operating characteris-
tic (ROC) curve analysis was performed 
to evaluate the diagnostic performance 
of absolute SWV at 0% and 30% applied 
strain and SWV ratio for discriminating 
bowel wall fibrosis from acute inflamma-
tion, and the area under the ROC curve 
was calculated.

Figure 2

Figure 2:  Images illustrate gross appearance of rat colon in (a) acute inflammation cohort, (b) phosphate-
buffered saline–negative control cohort, and (c) fibrotic cohort. In a, distal colon and rectum are thick walled 
and markedly inflamed (arrowheads), while more proximal colon, including the cecum (∗), is normal. In b, 
the entire colon is normal, and fecal material is present within the mid and distal colon. In c, distal colon and 
rectum are thick walled (arrowheads) without appreciable inflammation. The more proximal colon is normal. 
Longitudinal section (inset) of the fibrotic region shows substantial bowel wall thickening.

Table 1

Histologic Scoring System for Bowel Wall Acute Inflammation and Fibrosis in TNBS-
treated Rat Crohn Disease Model

Scoring System Description

Acute inflammation score
  0 (none) No inflammation
  1 (mild) Few neutrophils in mucosa/submucosa; no transmural injury or necrosis
  2 (moderate) Many neutrophils in mucosa/submucosa; no transmural injury or necrosis
  3 (severe) Neutrophils in all layers of the bowel wall; transmural injury or necrosis
Fibrosis score
  0 (none) No architectural distortion; no abnormal Masson trichrome staining
  1 (mild) No architectural distortion; abnormal Masson trichrome staining  

  in ,50% histopathologic layers
  2 (moderate) No architectural distortion; abnormal Masson trichrome staining  

  in .50% histopathologic layers
  3 (severe) Architectural distortion of the muscularis propria; abnormal Masson trichrome  

  staining in all histopathologic layers
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Secondary (post hoc) analysis was 
performed after placing animals into 
two groups: group 1, actual inflamed: 
animals treated per the acute inflam-
mation protocol with high inflammation 
scores ( 2) and low fibrosis scores 
(, 2) at histopathologic examination; 
and group 2, actual fibrotic: animals 
treated per the chronic fibrosis proto-
col with high fibrosis scores (2) at 
histopathologic examination. This post 
hoc analysis excluded three animals 
(one intended acute inflammation and 
two intended fibrotic) in which the 
model failed to produce the expected 
phenotype at colon histopathologic 
examination.

A P value of less than .05 was con-
sidered to indicate a significant dif-
ference. Analyses were performed by 
using Stata 12 software (StataCorp; 
College Station, Tex).

Results

Histopathologic Examination
Histopathologic review of the resected 
colons demonstrated that the five of six 
animals in the acute inflammation cohort 
exhibited changes of severe acute colitis, 
with no or minimal (grades 0–1) evi-
dence of fibrosis. Four of six animals in 
the acute inflammation cohort had areas 
of intestinal necrosis; one animal had 
a suboptimal response to TNBS treat-
ment and demonstrated no histologic 
evidence of bowel wall acute inflamma-
tion or fibrosis (although this animal did 
demonstrate bowel wall thickening at 
imaging and gross inspection).

Moderate to severe bowel wall fi-
brosis developed in five of seven rats 
in the fibrotic cohort. There was mild 
to severe (grades 1–3) superimposed 
acute inflammation remaining in five 
animals in the fibrotic cohort; two an-
imals in this cohort had a suboptimal 
response to TNBS treatment, with no 
histopathologic evidence of bowel wall 
fibrosis or acute inflammation (wall 
thickening noted at imaging and gross 
examination was due to lymphocytic 
infiltration without fibrosis deposition).

Evaluation of the three rat colons 
treated with phosphate-buffered saline 

enemas demonstrated no bowel wall 
acute inflammation or fibrosis. Histo-
pathologic scoring for animals in the 
acute inflammation and fibrotic cohorts 
is presented in Table 2, while represen-
tative histopathologic images are pre-
sented in Figure 3.

Bowel Wall SWV
Mean bowel wall SWVs were signifi-
cantly higher for rats in the fibrotic than 
the acute inflammation cohort (n = 13) at 
0% (3.42 m/sec 6 1.12 [standard devia-
tion] vs 2.30 m/sec 6 0.51; P = .046) and 
30% (6.27 m/sec 6 2.20 vs 3.61 m/sec 
6 0.87; P = .021) applied strain (Fig 4).  
Mean SWVs for each rat for given 
amounts of applied strain are present-
ed in Table 3. Similar results were ob-
served at secondary analysis (n = 10), 
with mean bowel wall SWVs being sig-
nificantly higher for actually fibrotic rats 
(n = 5) compared with actually inflamed 
rats (n = 5) at 0% (3.87 m/sec 6 0.79 vs 
2.46 m/sec 6 0.37; P = .007) and 30% 
(7.21 m/sec 6 1.0 vs 3.75 m/sec 6 0.90; 
P = .0009) applied strain.

Linear Regression
Both acute inflammation (R2 = 0.20) 
and fibrotic (R2 = 0.51) cohorts demon-
strated a linear increase in mean SWVs 
with increasing applied strain (Fig 5a
). The mean individual animal slopes 
(0.054 6 0.029 vs 0.114 6 0.044; P = 
.016) and y-intercepts (2.07 6 0.32 vs 
3.33 6 1.14; P = .023) of these linear re-
lationships were significantly different (n 
= 13 for both). Similar results were ob-
served at secondary analysis (n = 10). In 
the secondary analysis, linear increases 
in mean SWV to increasing applied 
strain were seen for both the actual in-
flamed (R2 = 0.75) and actual fibrosis 
(R2 = 0.54) groups (Fig 5b). The mean 
individual animal slopes (0.057 6 0.031 
vs 0.128 6 0.034; P = .017) of these lin-
ear relationships, as well as the y-inter-
cepts (2.09 6 0.34 vs 3.85 6 0.71; P = 
.037), were significantly different.

Diagnostic Performance, including ROC 
Analysis
By using an absolute SWV cut-off value 
of 3 m/sec at 0% applied strain, the SWV 
had a sensitivity of 100%, specificity of 

100%, positive predictive value of 100%, 
and negative predictive value of 100% 
for detecting the presence of bowel wall 
fibrosis in animals in which the model 
produced the desired histologic pheno-
type (secondary analysis). By using an 
absolute SWV cut-off value of 5 m/sec 
at 30% applied strain, the SWV also 
had a sensitivity of 100%, specificity of 
100%, positive predictive value of 100%, 
and negative predictive value of 100% 
for detecting the presence of bowel wall 
fibrosis at secondary analysis.

By using a SWV ratio cut-off value 
of 23, the SWV ratio had a sensitivity of 
71.4%, specificity of 91.7%, positive pre-
dictive value of 88.2%, and negative pre-
dictive value of 78.6% for detecting the 
presence of bowel wall fibrosis at primary 
analysis (13 animals, 45 observations). 
By using the same cut-off value, the SWV 
ratio had a sensitivity of 92.9%, speci-
ficity of 95.0%, positive predictive value 
of 95.0%, and negative predictive value 
of 92.9% for detecting the presence of 
bowel wall fibrosis at secondary analysis 
(10 animals, 34 observations).

The area under the ROC curve of 
the ARFI elastography–derived SWV 
ratio for differentiating fibrotic from 
acutely inflamed bowel based on our 
primary analysis was 0.818 (Fig 6a). 
In our secondary analysis that included 
only animals in which the model pro-
duced the desired histologic phenotype, 
the area under the ROC curve of the 
SWV ratio for differentiating actual 
fibrotic rats from actual inflamed rats 
was 0.971 (Fig 6b).

Discussion

Abnormal luminal narrowing of the 
bowel, or stricture, is common in Crohn 
disease, affecting 50% of patients within 
10 years of initial diagnosis (30). Stric-
tured bowel segments may be compli-
cated by bowel obstruction, as well as 
more proximal penetrating complica-
tions, such as development of fistulae 
and abscesses (31). Intestinal strictures 
have been classically categorized as being 
either predominantly inflammatory or fi-
brotic (32). Inflammatory strictures gen-
erally respond to anti-inflammatory med-
ical therapy, whereas fibrotic strictures 
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commonly require either endoscopic di-
latation or surgical management (17,33).

Findings of a recent study by 
Adler et al (34), which evaluated small 
bowel strictures in adult Crohn disease 

patients, showed that strictures demon-
strating the greatest degree of inflamma-
tion at computed tomographic (CT) en-
terography also contained the greatest 
amounts of fibrosis at histopathologic 

review. The authors also concluded 
that active inflammation and fibro-
sis commonly coexist within a given 
stricture, and that the absence of CT 
enterography findings of active inflam-
mation does not necessarily predict the 
presence of fibrosis within a stricture. 
Similarly, Jacene et al (35) found that 
surgically resected strictures in patients 
with Crohn disease contained variable 
amounts of inflammation (acute and 
chronic), fibrosis, and smooth muscle 
hypertrophy. Zappa et al (36) identi-
fied a variety of findings on magnetic 
resonance (MR) images that are associ-
ated with histopathologic inflammation. 
They also showed that bowel wall fibro-
sis was closely and positively related to 
inflammation. In strictures containing a 
combination of active inflammation and 
fibrosis, it is likely that fibrosis persists 
even after abrogation of inflammation 
by efficacious anti-inflammatory and/or 
immunosuppressive medical treatment 
(28).

A few prior investigations have at-
tempted to distinguish inflammatory from 

Figure 3

Figure 3:  Representative (a, c, e) hematoxylin-eosin– and (b, d, f) Masson trichrome–stained histopathologic images with 35 magnification. (a, b) Phosphate-
buffered saline negative control rat colon is normal without bowel wall thickening, acute inflammation, or fibrosis. (c, d) Rat in acute inflammation cohort demon-
strates bowel wall thickening with extensive acute inflammation, mucosal ulceration, and necrosis. (e, f) Fibrotic cohort rat demonstrates bowel wall thickening with 
transmural fibrosis (blue staining involving submucosa and muscularis propria).

Table 2

Histopathologic Scoring for Acute Inflammation and Fibrotic Cohorts

Rat No. Cohort AI Score* Fibrosis Score Necrosis Post Hoc Analysis Group

1 Acute 3 0 Yes Actual inflamed
2 Acute 3 1 Yes Actual inflamed
3† Acute 0 0 No Excluded, not inflamed
4 Acute 3 1 Yes Actual inflamed
5 Acute 3 0 Yes Actual inflamed
6 Acute 3 0 No Actual inflamed
7 Fibrotic 1 3 No Actual fibrotic
8 Fibrotic 3 3 No Actual fibrotic
9 Fibrotic 2 2 No Actual fibrotic
10† Fibrotic 0 0 No Excluded, not fibrotic
11 Fibrotic 2 3 No Actual fibrotic
12 Fibrotic 1 2 No Actual fibrotic
13† Fibrotic 0 0 No Excluded, not fibrotic

* AI = acute inflammation .
† Animal model failed to generate either bowel wall acute inflammation or fibrosis, as anticipated.
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crimination of fibrotic from acutely in-
flamed bowel segments in our Crohn 
disease animal model in a noninvasive, 
nonionizing manner. Our results show a 
strikingly positive relationship between 
increasing bowel wall fibrosis and in-
creasing SWV. When the animals were 

Figure 4

Figure 4:  (a) Transverse gray-scale US scan through the pelvis of a rat in the acute inflammation cohort with 0% applied strain shows 
marked bowel wall thickening in the region of rectosigmoid colon (arrows). White line is the distance between the skin surface and bony pelvis, 
and changing this distance is used to alter the amount of applied strain. ∗ = Uterus. (b) ARFI elastography–derived image displays soft-tissue 
SWV measurements as a color elasticity map. Example 1.5-mm2 ROIs are within the bowel wall. Arrows were placed along serosal surface of the 
bowel wall by using real-time gray-scale imaging immediately prior to SWV image acquisition to guide ROI placement for SWV measurement.

fibrotic strictures in humans with Crohn 
disease. A study by Schirin-Sokhan et al 
(37) was unable to successfully use con-
trast-enhanced US to distinguish fibrotic 
from inflammatory strictures, although 
bowel wall perfusion could be objectively 
quantified. Jacene et al (35) used fluorine 
18 fluorodeoxyglucose positron emission 
tomography to attempt to differentiate fi-
brotic and from inflammatory strictures. 
They determined that no patient with a 
primarily fibrotic stricture had a maxi-
mum standardized uptake value greater 
than 8, and 10 of 12 patients with stric-
tures were deemed to have some degree 
of bowel wall inflammation.

MR imaging has also been used to 
identify and attempt to characterize 
bowel strictures. A study by Froehlich et 
al (38) showed that small bowel motility 
changes observed on cine MR images can 
lead to increased detection of strictures 
in humans with Crohn disease, although 
they did not attempt to distinguish fi-
brotic from inflammatory strictures. A 
study by Adler et al (39) used magneti-
zation transfer MR imaging to attempt 
to identify and characterize bowel wall 
fibrosis in the peptidoglycan-polysaccha-
ride rat Crohn disease model. The mean 
magnetization transfer ratios for rats 
in the fibrotic cohort were significantly 
higher than those observed in rats in the 
acute inflammation cohort. Even if this 
imaging technique is eventually validated 

in humans, MR imaging has several draw-
backs compared with US and SWV im-
aging, including increased cost, longer 
examination time, and need for sedation 
or general anesthesia in certain patients.

ARFI elastography-derived SWV 
measurements allow for accurate dis- 

Table 3

Mean Bowel Wall SWV for Acute Inflammation and Fibrotic Cohorts without and with 
Applied Strain

Applied Strain (%)

Rat No. and Cohort Type 0 10 20 30 40 Slope* y-Intercept* R 2

Acute
  1 2.00 2.18 2.9 4.44 4.72 0.077 1.71 0.93
  2 2.79 2.24 4.54 4.78 6.35 0.097 2.21 0.86
  3† 1.51 2.47 3.27 2.92 3.11 0.037 1.93 0.67
  4 2.73 2.44 3.26 2.99 3.46 0.020 2.57 0.61
  5 2.64 2.14 3.15 3.86 4.56 0.056 2.16 0.84
  6 2.13 2.13 2.08 2.69 3.63 0.036 1.82 0.72
Chronic
  7 3.08 4.19 6.09 6.92 NA 0.134 3.06 0.98
  8 4.65 6.08 7.18 8.60 NA 0.130 4.69 1.00
  9 4.01 4.91 7.58 NA NA 0.179 3.72 0.92
  10† 3.16 3.53 5.10 6.69 NA 0.122 2.80 0.94
  11 3.01 4.58 6.10 6.23 NA 0.112 3.30 0.91
  12 4.58 5.22 6.05 7.10 NA 0.084 4.48 0.99
  13† 1.43 1.49 2.21 2.08 2.96 0.037 1.30 0.86

Note.—NA = not applicable; mean bowel wall SWV greater than .10 m/sec.

* Slope and y-intercept refer to fit line of mean bowel wall SWV versus applied strain for individual rat.
† Animal failed to generate expected bowel wall phenotype at histologic examination.
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Assessment of differences in nonlinear 
elastic mechanical behavior is a prom-
ising method for distinguishing bowel 
wall fibrosis from inflammation based 
on our study, and this technique might 
be useful for identifying a wide variety 
of other abnormalities affecting human 
tissues (41).

Both fibrotic and acute inflamma-
tion cohorts demonstrated linear in-
creases in mean SWV with increasing 
applied strain (up to at least 30%–40% 
applied strain) at both our primary and 
secondary analyses. The significantly 
different slopes of these lines suggest 

increases nonlinearly. This nonlinearity 
has been shown to be different for in-
flamed and fibrotic bowel segments in 
this same rat model with use of US qua-
si-static strain imaging (25), and this is 
not unexpected because deformations 
of edematous bowel wall should be pre-
dominantly linear until the extracellular 
water is pushed out of the field. Only 
when all of the water is pushed out, will 
edematous bowel wall become strongly 
nonlinear (40). We are likely seeing 
this nonlinearity in our SWV versus ap-
plied strain plots (as the plots of SWV 
versus applied strain have a slope . 0). 

segregated according to low versus high 
fibrosis score at secondary analysis, 
there was no overlap of mean SWVs 
between the two groups at any applied 
strain. With increasing applied strain, 
there was even better discrimination 
between animal cohorts, with a greater 
difference between the mean SWVs of 
fibrotic and acute inflammation cohorts.

All materials ultimately demonstrate 
nonlinear behavior under deformation. 
That is to say, when a material is be-
ing deformed, it will eventually reach 
a point where the amount of stress 
required to produce any given strain 

Figure 5

Figure 5:  Graphs of mean bowel wall SWV measurements for (a) acute inflammation and fibrotic cohorts without and with increasing 
amounts of applied train, based on primary analysis, and (b) actual inflamed and actual fibrosis cohorts without and with increasing amounts 
of applied strain, based on secondary (post hoc) analysis. In a, there is linear relationship between mean SWV and applied strain. In b, there is 
also linear relationship between mean SWV and applied strain, with an increased difference between the slopes of the fit lines compared with 
primary analysis.

Figure 6

Figure 6:  Receiver operating characteristic (ROC) curves for SWV ratio. (a) Primary analysis. (b) Secondary (post hoc) analysis.
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although further research is needed to 
confirm these possibilities.
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