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Abstract
Purpose Our aim was to assess the diagnostic performance in
determining strangulation in small bowel obstruction (SBO)
for five CT findings commonly considered in published small
bowel obstruction (SBO) management guidelines.
Materials and methods Medical databases were searched for
“bowel obstruction”, “computed tomography”, “strangula-
tion”, and related terms. Two reviewers independently select-
ed articles for CT findings investigated with surgical or histo-
logical reference standards for strangulation. Bivariate
random-effects meta-analytical methods were used.
Results A total of 768 patients, including 205 with strangula-
tion from nine studies, were evaluated. The reduced bowel
wall enhancement CT sign had the highest specificity (95 %,
CI 75–99), with a positive LR of 11.07 (2.27–53.88) and DOR
of 22.86 (4.99–104.61). The mesenteric fluid sign had the
highest sensitivity (89 %, CI 75–96) with a negative LR of
0.16 (0.07–0.39) and a DOR of 13.9 (5.73–33.75). The bowel
wall thickness had a sensitivity of 48 % (CI 41–54), a speci-
ficity of 83 % (CI 74–89), a positive LR of 2.84 (1.83–4.41)
and a negative LR of 0.62 (0.53–0.72). The other CT findings
had lower diagnostic performance.
Conclusion Two CT findings should be used in clinical prac-
tice: reduced enhanced bowel wall is highly predictive of
ischemia, and absence of mesenteric fluid is a reliable finding
to rule out strangulation.

Key Points
• Reduced bowel wall enhancement on CT increases the
probability of strangulation 11-fold.

• Absence of mesenteric fluid on CT decreases the probability
of strangulation 6-fold.

• The clinical reliability of other CT signs is doubtful for
predicting strangulation.

Keywords CT . Strangulation . Ischemia . Small bowel
obstruction .Meta-analysis

Introduction

Over the past 20 years, small bowel obstruction (SBO) manage-
ment has shifted towards more non-operative treatment in the
absence of strangulation signs [1, 2]. Strangulating small bowel
obstruction, defined as a small bowel obstruction associated with
intestinal ischemia, is estimated to account for about 10 % of all
cases of SBO (range 5–42%), with a mortality rate ranging from
20 to 40 % [3, 4]. Consequently, preoperative diagnosis of
strangulation is pivotal. However, past research has failed to
identify clinical factors that might enable physicians to reliably
predict which patients could safely undergo conservative care by
even the most experienced surgeons [3–5]. By contrast, consen-
sus now exists in favour of recommending the use of multide-
tector computed tomography (CT) in the evaluation of patients
with SBO. This technique can provide incremental clinically
relevant information as evidence of ischemia warranting a
change in management [2]. In most studies, the sensitivity of
CT for diagnosing bowel-wall ischemia in patients with SBO,
range from 73 % to 100 %, with the specificity ranging from
61 % to 100 % [6–11] . Indeed, numerous CT signs such as
reduced or absent enhancement of bowel wall on contrast-
enhanced images, mural thickening, unusual course of the mes-
enteric vasculature, mesenteric vascular engorgement, diffuse
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mesenteric haziness, a large amount of ascite, presence or ab-
sence of faeces sign, parietal pneumatosis, bowel-wall oedema
(target sign) and increased bowel wall attenuation on unenhanced
images have been reported as findings related to bowel strangu-
lation [6, 12–16]. However, the positive indicators of ischemia in
these studies are based on a heterogeneous number and combi-
nation of CT findings, i.e., one [6, 10], two or more [14, 15] CT
signs, different combinations [7, 8] or even subjective patterns
[16, 17], with no standardization and generally small sample
sizes. Although the diagnostic performance of these CT findings
has been appreciated to different extents in the literature, no
meta-analysis has been conducted to date, and recently published
surgeons’ guidelines based on systematic reviews of the literature
[1, 2] recommend that strangulation detection should be based on
five suggestive CT findings (mesenteric fluid, mesenteric venous
congestion, free peritoneal fluid, reduced bowel wall enhance-
ment and wall thickening). However, it is not yet clear exactly
how to consider CTas predictive of strangulation and how to use
these different findings to diagnose or consider unlikely strangu-
lation in patients with SBO.

The aim of our study was thus to assess the diagnostic
performance of these five reported CT findings of ischemia in
SBO, while compiling the literature data and performing a
meta-analysis. We hypothesized that these CT findings had
different predictive values for diagnosing strangulation in
SBO, and therefore, that only those having the best diagnostic
accuracy should be evaluated in future studies in order to
come up with a more uniform index to assess the real impact
of CT for strangulation diagnosis.

Materials and methods

This meta-analytic review was compiled with reference to the
Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) statement [18].

Search strategy

The PubMed search engine, Embase, Web of Science and
Cochrane electronic databases were searched for “bowel ob-
struction”, “computed tomography”, “strangulation”, and re-
lated terms in articles published between January 1990 and
December 2013, in English, French, Italian, German and
Spanish languages. The MeSH terms and keywords used for
the search are listed in Table 1.

Study selection

Two reviewers (I.M and A.R) independently selected eligible
primary studies, screening titles and abstracts, with disagree-
ments resolved by consensus. The inclusion criteria were as
follows: (a) original research; (b) consecutively enrolled

patients with clinical symptoms of SBO proved by CT or
surgery, regardless of the presence of strangulation and of
type of management (surgical or conservative); (c) CT as
diagnostic index test; (d) a reference standard: surgery for
patients with a diagnosis of ischemia, with a precise definition
in the materials and methods section (i.e., describing how the
ischemia diagnosis was made by the surgeons: discoloration,
reversal of discoloration after soaking the involved loop in
normal saline, and/or resection for ischemia confirmed by
pathologic findings), or uneventful clinical outcome for those
without ischemia; (e) at least one of the following CT findings
was screened: reduced or absent bowel wall enhancement,
mesenteric congestion (defined as enlargement of small mes-
enteric veins around the obstruction site), mesenteric fluid
(defined as hazy fluid attenuation in the mesentery of the
involved intestinal segment), mural thickening, peritoneal
fluid regardless of its amount; (f) sufficient data were available
to construct 2x2 contingency tables for at least one of the CT
signs investigated (i.e., cross tabulation displaying the fre-
quency distribution of strangulated and non-strangulated cases
according to the presence or not of each CTsign). Studies with
a sample size of less than ten patients were excluded.
Reference lists of the retrieved studies were checked manually
in order to identify additional relevant studies.

Data extraction and quality assessment

The same two co-authors independently reviewed each select-
ed article for data extraction, and discrepancies were resolved

Table 1 Characteristics of the computed-assisted literature search
strategy

1. "intestinal obstruction"[MeSH Terms]

2. "intestinal"[All Fields] AND "obstruction"[All Fields]

3. "intestinal obstruction"[All Fields]

4. "bowel obstruction"[All Fields]

5. "bowel"[All Fields] AND "obstruction"[All Fields]

6. #1 OR #2 OR #3 OR #4 OR #5

7. "tomography, x-ray computed"[MeSH Terms]

8. "tomography"[All Fields] AND "x-ray"[All Fields] AND
"computed"[All Fields]

9. "x-ray computed tomography"[All Fields]

10. "computed"[All Fields] AND "tomography"[All Fields]

11. "computed tomography"[All Fields]

12. "ct"[All Fields]

13. #7 OR #8 OR #9 OR #10 OR #11 OR #12

14. "strangulation" [All Fields]

15. "ischaemia"[All Fields]

16. "ischemia"[All Fields])

17. "ischemia"[MeSH Terms]

18. #14 OR #15 OR #16 OR #17

19. (#6 AND #13 AND #18) 1990:2013
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by consensus. The following data were extracted: (a) study
design and patient characteristics (i.e. first author, year of
publication, country of origin, single or multicenter study,
department of the first author, consecutive recruitment, num-
ber of patients, age, sex ratio, inclusion criteria); (b) imaging
techniques (i.e., CT type, collimation, section width, use of
oral contrast agent, use of intravenous contrast agent and its
volume, type and outflow); (c) image evaluation (i.e., number
of readers, retrospective or prospective CT reading, consensus
reading, precise description about the CT sign studied); (d)
reference standard (i.e., time between admission and surgery,
histopathologic analysis, surgery findings, and duration of the
medical follow-up).

From the group of patients included in the study, complete
2x2 contingency tables were extracted or reconstructed from
the available raw data from each report and for each CT sign.

The methodological quality and potential sources of bias of
the individual studies were assessed using the seven standard
items from the second edition of the Quality Assessment of
Diagnostic Accuracy Studies (QUADAS 2) [19]. The
QUADAS 2 toll consisted of four key domains that discuss
patient selection, index test, reference standard and flow of
patients through the study and timing of the index tests and
reference standard (flow and timing). Each domain was
assessed in terms of the risk of bias, and the first three domains
were also assessed in terms of concerns about applicability.
Each question was assigned a response of , , or ,
respectively for yes, unclear, or no, as it was recommended [19].

Data synthesis and statistical analysis

Study level analysis and meta-analytic model

The diagnostic performance of each CT finding (i.e., sensitiv-
ity, specificity and corresponding 95 % confidence intervals)
was recalculated for each primary study from these data.

To each CT finding, we applied a bivariate random-effect
model developed for meta-analysis of diagnostic accuracy
studies, as recommended by the Cochrane collaboration
[20–22], in which the logit-transforms of the true sensitivity
and true specificity in each study are assumed to have a
bivariate normal distribution across studies, thereby allowing
for the possibility of correlations between them. We used the
NLMIXED procedure in the SAS statistical software package
to calculate summary sensitivity and specificity values based
on the inverse logit transform of the estimated model param-
eters, while assuming their estimates have a normal distribu-
tion. Corresponding positive and negative likelihood ratios
(LR), diagnostic log odds ratios (DOR) and their correspond-
ing 95 % confidence intervals were derived as functions of
these summary estimates. The following interpretations could
be applied to positive LR and negative LR: positive LR

greater than 10 and negative LR of less than 0.1 implied large
changes; positive LR of 5–10 and negative LR of 0.1–0.2
implied moderate changes; positive LR of 2–5 and negative
LR of 0.2–0.5 implied small changes; positive LR of less than
2 and negative LR greater than 0.5 implied tiny changes; and
LRs of 1 implied no changes [23].

We delimited the 95 % confidence ellipse around the mean
estimate of sensitivity and specificity of each CT finding in a
ROC graph. These ellipses clearly showed, by their visual
power, differences in diagnostic performance between each
CT finding according to whether or not they overlapped.

All statistical analyses were performed with two statistical
software packages (SAS, version 9.3, SAS Institute Cary, NC;
and R, version 3.0.2, R Foundation for Statistical Computing).

Assessment of heterogeneity

Heterogeneity (between-study variation) of the results be-
tween studies was assessed graphically using Forest plots of
sensitivity and specificity for each CT sign, and was statisti-
cally quantified overall for each CT finding with the squared
inconsistency index (I2) test statistic, including 95 % CIs. The
I2 was calculated as follows: I2=100x[(Q-df)/Q], where Q is
the Cochran heterogeneity statistic and df is the degree of
freedom [24]. The I2 statistic expresses the percentage of total
variation across studies caused by heterogeneity rather than
chance. A higher percentage indicates more heterogeneity
[24–26].

Publication bias

Publication bias was visually assessed for each CT sign using
a scatterplot of the inverse of the square root of the effective
sample size (ESS) versus the diagnostic log odds ratios
(lnDOR), which should have a symmetric funnel shape when
publication bias is absent [27]. Publication bias was formally
tested using a regression of ln-DOR against 1/ESS½ and
weighted according to the ESS, with p<0.10 indicating sig-
nificant asymmetry.

Results

Search strategy and study selection

Figure 1 shows the study selection process in a flow chart. The
initial search yielded 330 studies with 56 duplicate titles,
resulting in 274 titles and abstracts that were screened for
eligibility. For 46 studies, the full text was retrieved. Most of
these eligible studies (54 %, 19/35) were excluded as it was
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impossible to construct 2x2 contingency tables for any of the
CTsigns studied—these studies exclusively assessed the glob-
al performance of CT for diagnosing ischemia in SBO.
Finally, nine studies fulfilled the inclusion criteria, for the
evaluation of 768 patients overall [5, 6, 12, 13, 28–32].

Included studies

All included studies had been conducted in single centre,
except one [28] that was conducted at two institutions. They
were initiated by the Radiology (n=5) or Surgery (n=4)
departments.

The number of patients included in each study ranged from
19 [12] to 233 [31]. All patients had presented with initial
symptoms of SBO confirmed by CT (with visualisation of
dilated and non dilated small bowel) or surgery. Six of the nine
studies (for a total of 351 patients, 45.7 %) had included only
patients with surgically proven SBO. The causes of SBO
varied between studies, especially as some studies included
only specific causes of SBO that constituted a selection crite-
rion for inclusion. The age of included patients ranged from 13
to 100 years old (average 65.2 years). Further details on
studies and patient characteristics are summarized in
Table 2A.

The CTwas single-detector in one study, multi-detectors in
four, unknown in four (with CT manufacturers specified in
two studies and not specified in the two others) (Table 2B).
Oral contrast material was used in four studies, including 158/
273 patients (57.8 %), while it was not used in two French
studies and this data was not available in three studies.
Intravenous contrast material was administered in 677/760
patients (89 %) with an acquisition at a venous phase. This
data was not available for eight patients in the Zielinski et al.
study [32], because the CTs for these patients had been per-
formed outside the institution and the authors did not report
the CT technique used, but all were deemed to be of accept-
able quality. Details on the type and volume of the intravenous
contrast agent administered are given in Table 2B. The CT
readings were always retrospective and the number of the
readers varied between studies: two studies had only one
reader, five studies had two readers with consensus, and two
studies had two readers and another one for consensus.
Further details on the CT technique and characteristics are
summarized in Table 2B.

Five hundred and ninety-three patients (593/768; 77.2 %)
were operated and 205 patients (205/768; 26.7 %) showed
ischemia at surgery examination, 184 (184/205; 89.7 %) of
which underwent intestinal resection for histologically proven

Abstracts and Titles screened

n=274

n=56 duplicates removed

Literature Search

Sources possibly fulfilling inclusion criteria

n=330

n=228 removed papers

- inappropriate study design

- irrelevant matter content

- unrelated CT findings

- unrelated surgical findings

9 included studies in the meta-analysis

n= 35 excluded studies

- 19 Did not allow building 2x2 

contingency tables

- 4 Inappropriate patient selection

- 3 Less than 10 patients included

- 5 Inadequate reference standard

(no surgery findings)

- 3 Review article or pictorial essay

- 1 Inappropriate methodology

- 1 Inappropriate index test (no CT)

- 1 Reported data already published

Full text retrieved and assessed

n=46

Fig. 1 Study flow diagram
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transmural ischemia. The prevalence of ischemia varied be-
tween studies, ranging from 11 % [32] to 84.2 % [12]. Time
intervals were reported between admission and surgery (in
three studies) or between CT and surgery (in five studies) and
was not reported in one study [30]. The majority of patients
had undergone surgery within 48 h (Table 2A). The mortality
rate, reported in four studies [5, 29, 30, 32], ranged from 2 %
to 9 %. In the three studies that included “control” cases that
did not involve surgery but improvement obtained by non-
operative management, the clinical follow-up ranged from
1 day to 77 days, with a global mean of around 5–6 days.

Methodological quality of included studies

The quality assessment results for the individual studies are
presented in Table 3. Two studies fulfilled almost all of the
methodological criteria [6, 31] and were recently published
(2010 and 2013). Sixty-six percent of the studies had an
inclusion selection criterion that could have introduced bias
in the results, as the selection was based on specific or non-
exhaustive causes of SBO. There was a risk of bias with the
index test in 2/9 studies (22.2 %), in which there was only one
reader and depended on the reader’s expertise, so the test
performance could have been over or underestimated. For
most of the studies (8/9; 88.8 %), it was unclear if the interval
between the index test and reference standard introduced bias.
Only one study [31] had ideal short timing between admission
and surgery, < 24 h in all cases.

Diagnostic performance of CT signs

Each screened CT finding was not assessed in all studies:
peritoneal fluid and wall thickening were evaluated in the nine
reports, reduced bowel wall findings and mesenteric venous
congestion in seven reports, and mesenteric fluid in five
reports. Bowel wall thickening was considered positive if it
was greater than 5 mm in 2/9 studies [28, 30], 3 mm in 4/9 [5,
13, 29, 31], 2 mm in 1/9 [6], and positive threshold for
thickness was not mentioned in 2/9 [12, 32]. The study-
specific sensitivity and specificity for each CT sign are pre-
sented on the Forest plot in appendix E1 (online). Overall
sensitivity, specificity, positive likelihood ratio, negative like-
lihood ratio, and diagnostic odds ratio values for the diagnos-
tic performance of each CT finding in the nine eligible studies
are given in Table 4. The highest specificity (95 %, CI 75–
99 %) was achieved with the reduced bowel wall enhance-
ment sign, with a DOR of 22.86 (4.99–104.61), and a high and
conclusive positive LR (11.07, CI 2.27–53.88). The highest
sensitivity was achieved with the mesenteric fluid sign (89 %,
CI 75–96) with a DOR of 13.9 (5.73–33.75), and a negative
LR of 0.16 (0.07–0.39). The other CT findings (peritoneal
fluid, mesenteric congestion and wall thickening) had lower
but equivalent DOR, respectively 3.54 (2.23–5.59), 3.21T
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(1.39–7.4) and 4.55 (2.6–7.96), with no informative or useful
likelihood ratio ranging from 1.61 to 2.84 for positive LR and
from 0.50 to 0.62 for negative LR.

The ROC graph (Fig. 2) highlighted two subgroups: 1)
sensitive signs (mesenteric fluid, mesenteric congestion and
peritoneal fluid) that were mesentery abnormalities, and 2)
specific signs (wall thickening and reduced bowel wall) that
were intestinal abnormalities.

Heterogeneity

The between-study heterogeneity was low, with no signifi-
cance for the mesenteric fluid analysis (I2=7.2 %, p=0.36),
for the peritoneal fluid analysis (I2=0 %, p=0.82), and for the
bowel wall thickening analysis (I2=9.6 %, p=0.35). It was
moderate and significant for the reduced bowel wall enhance-
ment analysis (I2=49.9 %, p=0.06) and for the mesenteric
congestion analysis (I2=57.4 %, p=0.02).

Publication bias

No significant publication bias was noted, with p values rang-
ing from 0.24 to 0.83 for regression tests of funnel plot
asymmetry for each CT finding. However, an examination
of each funnel plot (Appendix Z online) revealed that only
half of the studies in each subgroup of CT signs were globally
symmetrical, with the others being distributed randomly out-
side the axes of symmetry.

Discussion

Our meta-analysis results demonstrated that current CT
findings reported for the diagnosis of ischemia compli-
cating SBO had heterogeneous diagnostic performance.
Two CT signs had a useful diagnostic value: reduced
bowel wall enhancement was the most specific, with an
excellent positive LR, and the mesenteric fluid sign was
the most sensitive, with a good negative LR. We
showed that CT mesentery abnormalities were quite
sensitive signs to detect ischemia, whereas bowel wall
abnormalities were quite specific signs.

Reduced bowel wall enhancement was the best pre-
dictive CT sign of strangulation, as the pretest proba-
bility of ischemia was 11-fold increased if this sign
was present (positive LR=11.07). This CT finding was
the result of blockage of the bowel wall arteriovenous
microcirculation (by the extent of bowel dilatation or
by torsion of the occluded bowel loop vascular pedi-
cle), with bowel wall vessel engorgement, exudation
and final mural haemorrhage. This dynamic process
leads to alteration of bowel wall infusion. However,

this CT finding lacks sensitivity (53 %, 95 CI 39–
67 %), which could be explained by two factors.
First, as strangulation can result in mural haemorrhage,
a lack of enhancement after i.v. contrast cannot be
detected because of the spontaneous hyperdensity of
the ischemic bowel wall. Geffroy et al. highlighted
the diagnostic value of increased unenhanced bowel
wall attenuation for the diagnosis of strangulation,
reporting a specificity of 100 % and a sensitivity of
56 %, in a highly selected population of surgically
treated patients [6]. As there was no reference to
unenhanced CT images to identify reduced or absent
bowel wall enhancement in the studies included in our
meta-analysis, the sensitivity of this sign could have
been underestimated. Second, the use of oral contrast
could have masked some subtle changes in bowel-wall
enhancement as the lowest sensitivities reported in our
meta-analysis for decreased bowel wall enhancement
were in the two studies where an oral contrast agent
was administered [28, 29]. Poor sensitivity for this
sign (33 % sensitivity) was also found in a previous
study using oral contrast [16]. However, oral contrast
is not yet recommended in surgeons’ guidelines [1].

The mesenteric fluid sign, resulting from venous con-
gestion and transudation of fluid across the serosa
caused by mesenteric venous outflow obstruction, had
the best sensitivity (89 %, 95 CI 75–96 %), with a good
negative LR (0.16). Although sensitive, it lacks speci-
ficity, probably because its diagnostic value may differ
depending on its extension. Indeed, Ha et al. reported a
higher specificity for strangulation when mesenteric haz-
iness was diffuse (defined as extending to a wide por-
tion of the mesentery beyond the obstructed site) than
when it was focal (defined as confined to the obstructed
site) [28]. Moreover, the highest specificity in our meta-
analysis was reported in the Jancelewicz article [5],
where this sign was considered positive if the fluid
was segmental and thus more diffuse. We therefore
consider that this finding reflects the dynamic process
of venous obstruction, which extends progressively and
increasingly far in the mesentery, probably highlighting
the severity of strangulation, with a higher risk of
irreversible bowel wall ischemia.

The other CT signs that were studied had lower
diagnostic performance. In the SBO setting, bowel wall
thickening can result from venous engorgement, but
could also be the cause of SBO (e.g., in case of in-
flammatory disease). Although it had been heteroge-
neously evaluated in the considered studies, the diag-
nostic performances reported were close between studies
regardless of the selected inclusion criterion or bowel
thickness cut-off, as indicated by the low between-study
heterogeneity reported (I2=9.6 %). However, given the
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lower sensitivity and specificity of this sign compared to
reduced bowel wall enhancement, this sign has little diagnos-
tic value, especially if the CTwas performed with i.v. contrast.
We showed that peritoneal fluid and mesenteric congestion
signs had poor predictive values for ischemia diagnosis.
Peritoneal fluid is a nonspecific finding, especially when it is
present in low abundance since it may occur in many abdom-
inal emergencies, and it has been heterogeneously evaluated
in the studies depending on its volume. The mesenteric con-
gestion sign, generally defined as the relative dilatation of
mesenteric vessels, is not very reliable due to its subtlety and
low reproducibility. Indeed, the interobserver agreement re-
ported in the literature [6, 16] was fair, with a kappa of around
0.35 between readers.

The major strengths of our meta-analysis, are: pooling re-
sults of good quality studies according to the QUADAS assess-
ment; applying stringent inclusion criteria to the included stud-
ies, resulting in relatively low between-study heterogeneity;
and applying a random-effect meta-analysis, which was useful
for pooling the evidence while considering randomly distribut-
ed differences between the primary studies [20], as the preva-
lence of ischemia was quite heterogeneous between studies.
Moreover, since the number of strangulated cases per studywas
relatively small (10–45 patients), themeta-analysis summarized
the results in a considerably large number of patients with
statistically appropriate confidence limits.

There were some limitations to our meta-analysis. First,
given the retrospective nature of the studies included and the

Table 3 Methodological criteria of the included articles: QUADAS evaluation.

☺: low risk; ☹: high risk; : unclear risk

Table 4 Summary performance value for each CT finding for diagnosing ischemia in SBO

CT sign No. of studies Sensitivity Specificity DOR PLR NLR

Peritoneal fluid 9 69 (53–81) 61 (41–78) 3.54 (2.23–5.59) 1.78 (1.26–2.52) 0.50 (0.38–0.66)

Reduced bowel wall enhancement 7 53 (39–67) 95 (75–99) 22.86 (4.99–104.61) 11.07 (2.27–53.88) 0.48 (0.37–0.63)

Mesenteric congestion 7 72 (52–85) 55 (41–68) 3.21 (1.39–7.40) 1.61 (1.17–2.21) 0.50 (0.28–0.88)

Mesenteric fluid 5 89 (75–96) 61 (51–69) 13.90 (5.73–33.75) 2.30 (1.90–2.79) 0.16 (0.07–0.39)

Wall thickness 9 48 (41–54) 83 (74–89) 4.55 (2.60–7.96) 2.84 (1.83–4.41) 0.62 (0.53–0.72)

Data for sensitivity and specificity are percentages. Numbers in parentheses are 95 % CIs

DOR=diagnostic log odds ratio, NLR=negative likelihood ratio, PLR=positive likelihood ratio
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resulting lack of data, no comparison could have been done
with respect to clinical risk factors or timing between onset of
symptoms and imaging. Second, although precise macroscop-
ic correlations could not be evaluated due to time variations
between the CT examinations and surgical explorations, the
findings reflect the current clinical practice, as the majority of
strangulated cases had undergone surgery less than 48 h after
admission. Third, although the number of included studies
was relatively small, it was sufficient for the meta-analysis,
but this could explain the absence of power in testing the
publication bias, which remained insignificant for all evaluat-
ed CT signs. Fourth, the bowel resection rate was very high in
our study, i.e., 184/205 (89.7 %) of strangulated patients, due
to the selection criteria, as 5/9 of the selected studies had
included only strangulation with surgical resection, but not
with surgical reversible ischemia. That is a strength, as the
reference standard was perfect with histological proof, but
also a major selection bias attesting a population with a more
severe disease than expected in clinical practice, which might
lead to increased estimates of sensitivity. Bogusevicius et al.
[33] reported, in a prospective observational study of 53
patients with SBO of any cause, a 28.3% rate of strangulation,
including 53 % with intestinal necrosis and 47 % with revers-
ible ischemia. In our meta-analysis, the rate of intestinal
necrosis was higher, ranging from 57.1 % to 100 % for
strangulated cases. Moreover, there might be an overestima-
tion of diagnostic accuracy due to patient selection criteria in
most included studies (6/9) where some “difficult to diagnose”
patients were excluded (for example inflammatory bowel
disease, peritoneal carcinomatosis etc.). Fifth, there was po-
tential classification bias, as only 3/9 studies had an optimal

CT reading, with two readers and another one for the consen-
sus. Because of the different levels of reader experience, the
image interpretations and the detection of well-known CT
signs certainly differed between studies. However, most of
the readers were experienced radiologists (as reported in the
studies), so we consider that their readings reflected the stan-
dard level of knowledge and practice. Sixth, we did not screen
for other previously reported CTsigns of strangulation in SBO
(i.e., bowel wall pneumatosis, increased bowel wall density
sign in the unenhanced phase and bowel faeces sign) because
they were not evaluated in many studies and there was not
sufficient data for meta-analysis. Indeed, bowel wall
pneumatosis, which was evaluated in 5/9 included studies,
was present in only 8/335 patients (2.3 %) overall, and the
faeces sign, which was reported in 3/9 included studies, was
present in only 16/255 patients (6.2 %).

Unfortunately, we did not have sufficient data to per-
form a multivariate meta-analysis, as proposed by
Trikalinos et al. [34], in order to find the best combination
of CT findings to assess ischemia in bowel obstruction. In
fact, current models do not fully utilize all of the available
data in meta-analysis, but only the data of studies that
evaluate all the index tests investigated together, resulting
in a loss of power. Therefore, more general and robust
methods are required, as recommended by the Cochrane
Collaboration [20]. However, our study showed that our
two main CT findings (i.e., reduced bowel wall enhance-
ment and mesenteric fluid) seemed to be independent
predictors of strangulation, as their confidence ellipses
did not overlap at all on the summary ROC graph.
Future prospective studies should test the diagnostic per-
formance of these two CT findings, and in combination,
for the diagnosis of strangulation in a population with a
prevalence of strangulation representative of the general
population of patients with small bowel obstruction.

Finally, two CT findings were found to have a strong
clinical impact for strangulation diagnosis: the presence
of a reduced enhanced bowel wall is highly predictive
of ischemia, with a significant positive LR, and the
absence of the mesenteric fluid sign is a strong finding
to rule out strangulation, with a good negative LR. The
other CT signs did not show sufficient reliability to be
used in clinical practice.
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Fig. 2 Summary plot of bivariate sensitivity and specificity for each CT
sign on an ROC graph. Gray circles: confidence ellipse corresponding
bivariate 95% confidence interval.Central black spot: bivariate summary
estimate from random-effects meta-analysis for each CT sign
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Appendix E1 Forest plot of sensitivity and specificity
according to each CT finding. Numbers in brackets are
95 % CIs

A. Decreased enhanced wall

B. Wall thickness

C. Mesenteric congestion
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D. Mesenteric fluid

E. Peritoneal fluid

Appendix Z Funnel plot for publication bias for each CT
finding

A. Decreased enhanced wall
B. B- Wall thickness
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C. Mesenteric congestion

D. Mesenteric fluid

E. Peritoneal fluid
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