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Abstract

Background and Aims: Emerging evidence points to a link between creeping fat and the
pathogenesis of Crohn’s disease [CD]. Non-invasive assessment of the severity of creeping fat on
cross-sectional imaging modality has seldom been investigated. This study aimed to develop and
characterize a novel mesenteric creeping fat index [MCFI] based on computed tomography [CT] in
CD patients.

Methods: MCFl was developed based on vascular findings on CT in a retrospective cohort
[n=91] and validated in a prospective cohort [n = 30]. The severity of creeping fat was graded
based on the extent to which mesenteric fat extended around the intestinal circumference
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using the vessels in the fat as a marker. The accuracy of MCFI was assessed by comparing it
with the degree of creeping fat observed in surgical specimens.The relationship between MCFI
and fibrostenosis was characterized by determining if these correlated. The accuracy of MCFI
was compared with other radiographic indices [i.e. visceral to subcutaneous fat area ratio and
fibrofatty proliferation scorel].

Results: In the retrospective cohort, MCFI had moderate accuracy in differentiating moderate—
severe from mild fibrostenosis (area under the receiver operating characteristic [ROC] curve
[AUC] = 0.799; p=0.000). ROC analysis in the retrospective cohort identified a threshold MCFI of
> 3 which accurately differentiated fibrostenosis severity in the prospective cohort [AUC = 0.756;
p=0.018]. An excellent correlation was shown between MCFI and the extent of fat wrapping in
specimens in the prospective cohort [r=0.840, p=0.000]. Neither visceral to subcutaneous fat
area ratio nor fibrofatty proliferation score correlated well with the degree of intestinal fibrosis.
Conclusions: MCFI can accurately characterize the extent of mesenteric fat wrapping in surgical

specimens. It may become another non-invasive measure of CD fibrostenosis.

Key Words: Creeping fat; intestinal fibrosis; Crohn’s disease

1. Introduction

Mesenteric fat wrapping around the inflamed gut, known as
creeping fat [CF], is a hallmark of Crohn’s disease [CD]. Although
it has long been recognized that accumulation of mesenteric adi-
pose tissue [MAT] is associated with CD, the role of fat wrapping
has remained elusive. Increasing evidence suggests that CF is as-
sociated with transmural fibrosis and stricture formation in CD.'-
Macroscopically, bowel strictures and CF are topographically
coupled in CD.? Microscopically, mesenteric mesenchymal abnor-
malities closely resemble those observed in the submucosa and both
sets of abnormalities extend into the intestinal longitudinal muscle,?
thereby generating the characteristic transmural appearance of CD.
In keeping with this, it appears that progressive stricture formation
is also associated with fat wrapping and mesenteric abnormalities.
In CD, the thickness of muscularis mucosae adjacent to CF is sig-
nificantly greater than that adjacent to normal mesentery.* Based on
this, it is feasible that CF may contribute at a pathobiological level
to the fibrostenotic phenotype in CD.>

Fibrotic stricture formation is a significant clinical problem in
CD. The current lack of targeted anti-fibrotic therapies reflects a def-
icit in our understanding of intestinal fibrogenesis. Given the associ-
ation between CF and intestinal manifestations of CD, it is feasible
that CF could represent another therapeutic target.* Further charac-
terization of the relationship between CF and intestinal fibrogenesis
in CD could provide therapeutic opportunities in the pharmaco-
logical management of intestinal strictures.

Unfortunately, CF can only be directly observed during sur-
gery or pathologically. Cross-sectional imaging on computed tom-
ography [CT] or magnetic resonance imaging has the potential of
non-invasively determining the extent and severity of CE Previous
studies” defined CF qualitatively as an increased volume of fat adja-
cent to an affected bowel segment. This approach is subjective with
both potential intra-/inter-observer variability. More recently, the
visceral to subcutaneous fat area ratio on CT assessment was used
as an index of mesenteric disease activity.® However, this approach is
also prone to error due to the inclusion of retroperitoneal fat under
the heading of visceral adiposity. Moreover, this index does not dir-
ectly and selectively assess fat wrapping.

Expansion of adipose tissue deposits is associated with angio-
genesis’ and often macroscopically coupled with new blood vessel

formation. Neo- or hypervascularity can be indirectly assessed by
CT enterography [CTE]. Patients with CF often have prominent
peri-enteric vasculature on radiological assessment [i.e. comb sign].
Coffey et al. recently developed a mesenteric disease activity index
that was partly based on the thickness of the mesentery and the
ability to identify vascular pedicles.” Given that mesenteric vessels
are coupled with CF, and that these vessels are visible on CTE, the
purpose of this investigation was to develop a mesenteric creeping
fat index [MCFI] in CD, based upon the extent of vessel presence
around the bowel lumen. Once developed, we assessed the role of
MCEFI for the characterization of CD fibrostenosis compared with
other reported radiographic indices such as visceral to subcutaneous
fat area ratio and fibrofatty proliferation score.

2. Methods

2.1. Patients and study design

This cross-sectional study included retrospective and prospective
cohorts. In the retrospective study, the feasibility and reliability of
MCFI was determined and a threshold for distinguishing degrees of
intestinal fibrosis was established. In the prospective study, we tested
the hypothesis that MCFI correlated with macroscopic fat wrapping
and validated the relationship between MCFI and intestinal fibrosis.
The study was approved by the institutional ethics review board.
Written informed consent was required for all patients in the pro-
spective cohort but waived in the retrospective cohort.

The retrospective cohort included 119 consecutive CD patients
who underwent surgery during the interval from January 2014 to
November 2018. The inclusion criteria were as follows: [a] patients
with an established diagnosis of CD based on standard clinical, endo-
scopic, imaging and histological criteria; [b] available preoperative
abdominal CT within 3 months of surgery for symptomatic bowel
strictures; and [c]| availability of a histopathological surgical [i.e.
post-resection] specimen of a segment of the intestine corresponding
to a matching abnormality on abdominal CT. Exclusion criteria
were as follows: [a] patients with a history of prior enterectomys;
[b] inability to differentiate mesenteric disease manifestations on
abdominal CT due to coexistence of pathologies such as intestinal
adhesion/fistula/abscess; or [c] patients who underwent emergency
surgery without enhanced CT scanning [Figure 1]. A prospective
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Figure 1. Flow diagram of the study population. CD, Crohn’s disease; MAT, mesenteric adipose tissue

cohort was also included involving 34 consecutive CD patients, who
underwent surgery between December 2018 and July 2019 and sat-
isfied the inclusion criteria.

2.2. Bowel lesions selected for radiological and
histological assessment

The study adopted the following criteria when defining a bowel
stricture: [a] localized luminal narrowing [a luminal diameter re-
duction of at least 50%, measured relative to the normal adjacent
bowel loop], and [b] bowel wall thickening [a 25% increase in wall
thickness relative to the adjacent non-affected bowel].’? In each pa-
tient, the bowel segment with the most luminal narrowing and/or the
most wall thickening on CTE images was selected for inclusion in
the study, using the matched radiological and surgical evaluation de-
scribed in previous studies [Supplementary Material].!"!> The MCFI
and the macroscopic CF were evaluated in the mesenteric region
corresponding to the bowel stricture but away from the penetrating
diseases.

2.3. CTimage analysis
All patients underwent preoperative abdominal and pelvic CTE
examination [Supplementary Materials]. Target segments on CTE

were pre-marked by a radiologist with 20 years of experience in
bowel CT.

2.3.1. Semi-quantification of CF

Similar to the study by Coffey et al.,> we developed a radiological
index, namely MCF]I, to grade the fat-wrapping around the gut based
on the extent of bowel circumference encompassed by the vessels
in fat. Two radiologists [X.L. and B.L., with 8-10 years of experi-
ence in abdominal imaging] unaware of pathological data measured

MCEFI on the designated segments, and the results from one of them
were randomly selected for analyses. The results from the other
radiologist are shown in the Supplementary Materials. Volume data
acquired in the arterial or venous phase of enhancement CTE scan-
ning were post-processed on the Vitrea workstation [Canon Medical
System]. To determine the extent to which mesenteric vessels over-
lapped the bowel circumference, a view of the affected intestine was
obtained by orientating the slice/section perpendicular to the longi-
tudinal axis of the intestine. This was achieved using multi-planar
reconstruction and maximum-intensity projection. Once completed,
volume rendering reconstruction was applied to enable vessel visual-
ization as these overlapped the intestine [Supplementary Fig. 1]. The
circumference of the intestine was subdivided into eighty equal zones
and a score of 1 was applied for each zone overlapped by mesenteric
vessels [Figure 2].

2.3.2. Visceral to subcutaneous fat area ratio

Using a fat assessment software on the Vitrea workstation, visceral
and subcutaneous fat areas of CD patients were automatically meas-
ured on the basis of the pixel count on CT images® at the L3 and
L4 vertebral levels, respectively [Supplementary Fig. 2]. The visceral
to subcutaneous fat area ratio was automatically calculated by the
software, which was operated by a radiologist [L.H., with 6 years of
experience in abdominal imaging] unaware of the pathological data.

2.3.3. Fibrofatty proliferation score

In previous studies,”'* the volume of mesenteric fat adjacent to a bowel
segment and displacement of the intestine have been combined as the
‘fibrofatty proliferation score’ to semi-quantify mesenteric changes.
Mesenteric thickening was semi-quantified radiographically using the
‘fibrofatty proliferation score’ by a radiologist [Z.E, with 5 years of
experience in abdominal imaging and unaware of pathological data]
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Figure 2. Schematic diagrams and the corresponding resected specimens demonstrating fat wrapping around the gut graded by MCFI which was modified from
a prior study.?The bowel circumference on its axial plane is divided into eight equal areas with one score for each area. The MCFI, which reflects the degree of
mesenteric fat wrapping around the gut, is scored from 1 to 8 according to the areas of bowel surface covered by the corresponding mesenteric vessels. In the
case with a MCFI of 1 [A], the MAT is normal or shows minimal fat wrapping. With an MCFI of 2 [B], the fat wrapping commences at the bowel margin of the
mesentery but is limited. With an MCFI of 4 [C], the fat wrapping increases and covers nearly 50% of the intestinal circumference. With an MCFI of 6 [D], the
MAT thickening is more pronounced, and the fat wrapping extends to 6/8 of the bowel circumference. MCFl, mesenteric creeping fat index; MAT, mesenteric

adipose tissue

according to this system: O [absence of changes], 1 [mild changes] and
2 [moderate or severe changes] [Supplementary Fig. 3].

2.3.4. Intestinal stricture index

Stricture formation was assessed by a radiologist [S.E, with 20 years
of experience in abdominal imaging] using a radiological stricture
index: the ratio of the maximal upstream luminal diameter is divided
by the minimum luminal diameter apparent within the stricturing
region.'

2.4. Gross anatomical and histopathological

reference

2.4.1. Macroscopical evaluation: CF grading in surgical

specimens

In the prospective cohort, macroscopic CF was assessed by a radi-
ologist [C.S., with 20 years of experience in abdominal CT] and a
surgeon [Z.C., with 10 years of experience in intestinal resection for
CD] by consensus. Similar to the evaluation of MCFI, the degree of
CF wrapping around the bowel circumference was described using
‘macroscopic fat wrapping score’ modified from a previous study?
and was scored from 1 to 8 according to the extent of bowel sur-
face overlapped by MAT [Figure 2]. This score in the retrospective
cohort was not performed due to the unavailable images of surgical
specimens.

2.4.2. Microscopic evaluation: Inflammation, fibrosis, and

smooth muscle hypertrophy/hyperplasia

A full-thickness, well-orientated and transverse sample of the sur-
gical specimen was obtained from the mesenteric border of the gut

which was in the mid-point of the stenotic segment based on the de-
gree of narrowing by inspection performed by the radiologist [C.S.]
and the surgeon [Z.C.], and embedded in paraffin following fixation
in formalin. Two consecutive histopathological sections [4 pm thick]
were obtained for analysis. One section was stained using haema-
toxylin and eosin [H&E] to establish the histological inflammation
score and the smooth muscle measurement, and the other section
was stained with Masson’s trichrome to generate the histological
fibrosis score.

2.4.2.1. Inflammation and fibrosis

A pathologist [Q. C.] with 10 years of experience in bowel path-
ology without CTE information graded the bowel inflammation on
H&E section and fibrosis on Masson’s trichrome section from 0 to 4
using a semi-quantitative scoring system [Supplementary Table 1].
Histological scores were categorized as mild [score 0-2] or mod-
erate-severe [score 3—4] groups. The fibrosis-predominant strictures
[moderate-severe fibrosis but mild inflammation within the bowel
strictures] and inflammation-predominant strictures [moderate—se-
vere inflammation but mild fibrosis] were categorized according to
the histological results.'®

2.4.2.2. Smooth muscle hypertrophy/hyperplasia

The maximum thickness of both muscularis mucosae and muscularis
propria were determined [in mm] using CaseViewer software
[version 2.3, 3DHISTECH] at the level of the intestine at which
stricturing was most severe on macroscopic evaluation as mentioned
before. This was completed by the pathologist [Q.C.] using an estab-
lished technique.'”
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2.5. Statistical analysis

Statistical analysis was performed via two-sided comparisons, with
significance defined as p < 0.05 using SPSS version 20.0 software
[IBM]. Normally distributed data were expressed as mean = standard
deviation, and non-normally distributed data were presented as me-
dian (interquartile range [IQR]). Differences in macroscopic fat
wrapping score and MCFI between moderate-severely and mildly
fibrotic strictures and between different histological types of bowel
strictures were tested using a Mann—Whitney U test. A bivariate cor-
relation analysis was performed using Spearman’s rank correlation.
A correlation [7] < 0.01 was considered as none, 0.01-0.24 as min-
imal, 0.25-0.49 as fair, 0.50-0.74 as moderate to good, and 0.75-
1.00 as very good to excellent. Area under the receiver operating
characteristics [ROC] curve [AUC] values were calculated to deter-
mine the accuracy of MCFI for differentiating different severity of
bowel fibrosis. An AUC of 0.50-0.69 was considered as mild, 0.70—
0.89 as moderate and 0.90-1.00 as good. The optimal threshold
was determined using ROC curve analysis following Youden’s index.
The inter-observer agreement for MCFI was tested using the kappa
statistic. The heat map of the correlation matrix among radiological
parameters and histological findings was generated using open-
source Python version 3.7.7 software.

3. Results

3.1. Clinical data

Ninety-one patients in the retrospective cohort and 30 patients in
the prospective cohort were included in the final analysis. Only one
readily identifiable stricture on macroscopic inspection was included

for each patient. A fair correlation between C-reactive protein and
MCFI was found in the retrospective cohort [r =0.274, p = 0.009]
whereas no significant correlation was shown in the prospective
cohort [r=0.258, p =0.168]. No significant correlation between
disease duration and MCFI was shown in both the retrospective
[r=0.024, p = 0.818] and the prospective [r = 0.148, p = 0.436] co-
horts. Demographic and clinical data are summarized in Table 1.
Radiological and histopathological characteristics of intestinal stric-
tures are presented in Table 2.

3.2. Relationship between CF-related parameters

and CD fibrostenosis

3.2.1. Retrospective cohort

3.2.1.1 MCFI is associated with CD fibrostenosis

In the retrospective cohort, a good correlation [r = 0.568, p = 0.000]
was observed between MCFI and histological fibrosis scores. The
MCFI of moderate-severely fibrotic strictures (median [IQR], 4
[3-6]) was higher than that of mildly fibrotic strictures (median
[IQR], 2.5 [2-3]) [Z = -4.426, p = 0.000]. The MCFI had a mod-
erate accuracy (AUC = 0.799; 95% confidence interval [CI], 0.690-
0.907; p = 0.000; Figure 3A) in differentiating moderate-severely
from mildly fibrotic strictures. Using an MCFI of > 3 as a threshold
value, sensitivity and specificity were 88.10% and 50%, respect-
ively. A minimal to fair correlation was observed between MCFI and
both the thickness of muscularis mucosae [ = 0.219, p = 0.037] and
muscularis propria [r = 0.356,p = 0.001]. A fair correlation was also
observed between MCFI and intestinal stricture index [r = 0.394,
p = 0.000] while no significant correlation was found between MCFI
and luminal diameter of the upstream segment [ = 0.040, p = 0.705].

Table 1. Demographic and clinical characteristics in patients with Crohn’s disease

Retrospective cohort [7 = 91]

Prospective cohort [7 = 30]

Gender, 7 [female/male]
Age, years [mean = SD]
Disease duration, months (median [IQR])
Interval between CT and surgery, days (median [IQR])
Smoking, 7 [%]
BMI (median [IQR])
Biologics use preoperatively, 7 [%]
Perianal surgery history, 7 [%]
Type of surgery, n [%]
Ileocolic resection
Partial small bowel resection
Partial colon resection
Ileocolic + partial small bowel resection
Ileocolic + partial colon resection
Partial small bowel + partial colon resection
Location of specimen, 7 [%]
Jejunum
Proximal ileum
Terminal ileum
Ileocolon
Colon
CDAI 7 [%]
<150
150-220
220-450
> 450
CRP, mg/L (median [IQR])
ESR, mm/h (median [IQR])

24/67 10/20
32.11+10.28 31.70 = 11.93
36 [12-70] 48 [12-78]

14 [10-29] 23 [12-48]

22 [24.18%] 216.67%]

16.70 [15.20-17.99] 17.85 [16-19.13]
14 [15.38%] 6[20%]

16 [17.58%] 1[3.33%]

49 [53.85%]

20 [66.67%]

20 [21.98%] 3[10%]
7 [7.69%] 3[10%]

8 [8.79%] 4[13.33%]
6 [6.59%] 0
1[1.10%)] 0
4[4.40%] 0

10 [10.99%] 4[13.33%]
38 [41.76 %) 15 [50%)
12 [13.19%] 2[6.67%)
27 [29.67%] 9[30%]

10 [10.99%] 9 [30%]

17 [18.68%]
57 [62.64%]

4[13.33%]
16 [53.33%]

7 [7.69%] 1[3.33%]
26.44 [10.34-69.50] 26.16 [11.06-46.70]
32 [18-54] 44.50 [18-51]

BMI, body mass index; CDAI, Crohn’s disease activity index; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IQR, interquartile range; SD,

standard deviation.
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Table 2. Radiological and histopathologic characteristics of CD stricture

Retrospective cohort [7 = 91]

Prospective cohort [7 = 30]

Bowel strictures on CT, mm [median [IQR]]
Luminal diameters of stenosed segments
Luminal diameters of upstream segments
Intestinal stricture index

Fibrosis score, [median [IQR]]

0
1
2
3
4

Inflammation score (median [IQR])
0
1
2
3
4

Maximum thickness of bowel smooth muscle, mm [median [IQR]]
Muscularis mucosae
Muscularis propria
Circular muscularis propria
Longitudinal muscularis propria

4.40 [3.58-5.94]
34.50 [25.70-43.10]
7.07 [4.88-12.15]
3[2-3]

0

1[1.10%]
23[25.27%]

49 [53.85%]

18 [19.78%]
3[3-4]

0

0

16 [17.58%]

40 [43.96%]

35 [38.46%]

0.93 [0.54-1.44]
4.86[3.31-6.18]
3.31[2.01-4.42]
1.29 [0.88-2.00]

5.81[4.55-14.00]
26.60 [15.68-40.35]
4.18 [1.34-8.67]

2 [1-3]

10 [33.34%]
9[30%]
3[10%]

8 [26.67%]

0.80 [0.09-1.45]
3.79 [1.99-4.56]
2.39[1.30-3.33]
0.92 [0.68-1.64]

CD, Crohn’s disease; IQR, interquartile range.
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Figure 3. [A] On ROC analysis, MCFI had a moderate accuracy [AUC = 0.799; 95% Cl, 0.690-0.907; p = 0.000] for distinguishing moderate-severely fibrotic from
mildly fibrotic strictures in the retrospective cohort. [B] Using an MCFI > 3 derived from the retrospective cohort as the cutoff level for distinguishing moderate—
severely fibrotic strictures from mildly fibrotic strictures in the prospective cohort, the AUC of MCFI was 0.756 [95% ClI, 0.579-0.932; p =0.018]. ROC, receiver
operating characteristics; MCFI, mesenteric creeping fat index; AUC, area under the ROC curve; Cl, confidence interval

Inter-observer agreement levels of MCFI between both radiologists
was acceptable in the retrospective cohort [k=0.822, p = 0.000].

stricture index [all p > 0.05].

3.2.1.2 No or weak correlations between fibrofatty proliferation

score, visceral to subcutaneous fat area ratio and CD fibrostenosis

In the retrospective cohort, no significant correlation was apparent
between fibrofatty proliferation score and histological findings [all
p > 0.05]. A minimal correlation was shown between fibrofatty pro-
liferation score and intestinal stricture index [r = 0.241, p = 0.021].

3.2.2. Prospective cohort

3.2.2.1. MCEFI is validated to associate with CD fibrostenosis

In the prospective validation cohort, a very good correlation was
observed between MCFI and histological fibrosis scores [r = 0.775,
p =0.000]. The MCFI accurately differentiated moderate-severely

However, no correlation was apparent between visceral to subcuta-
neous fat area ratio with histological findings and with intestinal
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(median [IQR], 4 [4-5]; Figure 4A, B) from mildly (median [IQR], 3
[2-4]; Figure 4C, D) fibrotic strictures [Z = -3.069, p = 0.002]. Using
the MCFI threshold of >3, AUC, sensitivity and specificity were
0.756 [95% CI,0.579-0.932; p = 0.018; Figure 3B], 92.31% [12/13]
and 58.82% [10/17], respectively. Fair to moderate correlations

were apparent between MCFI and thickness of muscularis mucosae
[ =0.466, p =0.009] and between MCFI and thickness of the
muscularis propria [r=0.541, p =0.002]. A fair to moderate cor-
relation was apparent between MCFI and intestinal stricture index
[r=0.599, p =0.000] and between MCFI and luminal diameter of

A

Sagittal Transverse
MIP

4m Mesenteric fat

Figure 4. Images from a 20-year-old male patient with CD [A, B]. [A] Coronal, sagittal and transverse post-contrast enhanced CT images showing marked bowel
wall thickening and luminal narrowing in the descending colon [arrow]; the MCFI of the designated segment [arrow] reconstructed from the adjacent mesenteric
vessels [arrowheads] using MPR and MIP is scored as 6. On VR reconstruction, the three-dimensional anatomical relationship between the designated gut
[green area] and the mesenteric vessels [red areas] is shown and the MCFI with a score of 6 is verified. [B] Macroscopic specimen showing the creeping fat
[arrowhead] wrapping around the resected bowel segment with a macroscopic fat wrapping score of 6. H&E and Masson'’s trichrome staining depict severe
inflammation [score = 4] and severe transmural fibrosis [blue area; score =4] in the area corresponding to creeping fat [arrow]; the maximum thickness of
muscularis mucosae and muscularis propria are 1.58 and 4.74 mm, respectively. x20 magnification. Images from a 30-year-old male patient with CD [C, D]. [C]
Coronal, sagittal and transverse post-contrast enhanced CT images showing bowel wall thickening and luminal narrowing in the jejunum [arrow]; the MCFI of
the designated segment [arrow] reconstructed from the adjacent mesenteric vessels [arrowheads] using MPR and MIP is scored as 3. On VR reconstruction, the
three-dimensional anatomical relationship between the designated gut [green area] and the mesenteric vessels [red areas; arrowheads] is shown and the MCFI
with a score of 3 is verified. [D] Macroscopic specimen showing the creeping fat [arrowhead] wrapping around the resected bowel segment with a macroscopic
fat wrapping score of 3. H&E and Masson’s trichrome staining depict mild inflammation [score = 1] and mild fibrosis [blue area; score = 2]; the maximum
thickness of muscularis mucosae and muscularis propria are 0.13 and 1.38 mm, respectively. x20 magnification. CD, Crohn’s disease; MCFI, mesenteric fat
creeping index; MPR, multiplanar reconstruction; MIP, maximum intensity projection; VR, volume rendering; H&E, hematoxylin and eosin
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Figure 4. Continued

the upstream segment [r = 0.369, p = 0.045]. Inter-observer agree-
ment levels of MCFI between both radiologists were acceptable in
the prospective cohort [k = 0.805, p = 0.000].

Correlations between MCFI and histological findings/intestinal stric-
ture index in small bowels and colons [Supplementary Table 2] and in
bowel segments with and without penetrating diseases [Supplementary
Table 3] are included in the Supplementary Materials. Of note, similar
strengths of correlations between MCFI and thickness of muscularis
mucosae/muscularis propria were found in small bowels [r=0.239-
0.508] compared with colons [r = 0.207-0.554] in both cohorts.

3.2.2.2. No or weak correlations between fibrofatty proliferation
score, visceral to subcutaneous fat area ratio and CD fibrostenosis

In the prospective cohort, a fair correlation was observed between
fibrofatty proliferation score and thickness of muscularis mucosae
[r=0.370,p = 0.044]. No correlation was apparent between fibrofatty
proliferation score and other histological findings [all p > 0.05]. A fair
correlation was shown between fibrofatty proliferation score and in-
testinal stricture index [r = 0.386, p = 0.035]. However, no correlation

0
A

Hematoxylin and eosin staining

Imm

Imm

Mesenteric fat

was apparent between visceral to subcutaneous fat area ratio with
histological findings and with intestinal stricture index [all p > 0.05].
The correlations among CF-related parameters, histological findings
and intestinal stricture index are shown in Figure 5.

3.2.2.3. Macroscopic CF is associated with CD fibrostenosis

In the prospective cohort, the mean macroscopic fat wrapping
score was 4.33 = 1.54 with a range of 1-8. There was a good cor-
relation between macroscopic fat wrapping and histological fibrosis
scores [r=0.601, p = 0.000]. The macroscopic fat wrapping scores
of moderate-severely fibrotic strictures (median [IQR], 5 [4-5.5])
were significantly higher than those of mildly fibrotic strictures (me-
dian [IQR], 4 [2.5-5.5]) [Z = -2.202, p = 0.028]. A fair to moderate
correlation was also observed between macroscopic fat wrapping
scores and thickness of muscularis mucosae [r = 0.475, p = 0.008],
and between macroscopic fat wrapping scores and thickness of
the muscularis propria [r = 0.546, p = 0.002]. The macroscopic fat
wrapping score also directly correlated with intestinal stricture in-

dices [r = 0.642, p = 0.000].
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Figure 5. Correlation coefficient matrix of creeping fat-related parameters, histological findings and intestinal stricture index in the retrospective cohort [A] and
the prospective cohort [B]. The maximum positive correlation is given at a correlation coefficient of 1 [red] and the maximum negative correlation at -1 [blue] in
the top right portion of the matrix graph; the dark areas indicate a strong correlation, and the lighter coloured regions indicate a relatively weak correlation. The
p values of the corresponding correlation analyses [orange and gray] are shown in the bottom left portion of the matrix graph; the dark orange areas indicate a p
value close to 0, the lighter orange regions indicate a p value close to 0.05, and the gray areas a p value > 0.05. MCFI, mesenteric creeping fat index; V/S ratio [L3],
visceral to subcutaneous fat area ratio [L3 level]; V/S ratio [L4], visceral to subcutaneous fat area ratio [L4 level]; MM, muscularis mucosae; MP, muscularis propria

3.3. MCFI may reveal the severity of macroscopic range of 1-6 [Table 3]. Examination of surgical specimens identified
fat wrapping a topographical coupling of mesenteric vessels along the surface of

In the prospective cohort, the median MCFI was 4 [IQR, 2-4] with a the intestine and CF extent [Figure 6]. An excellent correlation was
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found between MCFI and macroscopic fat wrapping scores based on
examination of surgical specimens [r = 0.840, p = 0.000].

3.4. Difference in MCFI between

fibrosis-predominant strictures and
inflammation-predominant strictures

A fair correlation between MCFI and histological inflammation
scores was shown in the retrospective [r = 0.311, p = 0.003] and the
prospective [r = 0.497, p = 0.005] cohorts. Of 91 bowel specimens in
the retrospective cohort, 12 were from fibrosis-predominant strictures
and 20 were from inflammation-predominant strictures. The MCFI
of fibrosis-predominant strictures (median [IQR], 4 [3, 5.5]) was sig-
nificantly higher than that of inflammation-predominant strictures
(median [IQR], 3 [2, 3.75]) [Z = -2.370, p = 0.018]; this analysis in
the prospective cohort was not performed due to the limited sample
size of fibrosis-predominant [# = 3] and inflammation-predominant
[7 = 1] strictures.

4. Discussion

This study identified an association between the severity of CF, and
the severity of intestinal fibrostenosis. To non-invasively quantify
the degree of CE, a novel index [MCFI] was developed using CTE.
We noted a strong correlation between MCFI and macroscopic fat
wrapping, as well as with the histological degree of fibrostenosis.
Moreover, the MCFI outperformed the visceral to subcutaneous fat
area ratio, and also the fibrofatty proliferation score, with regard to
characterization of CD fibrostenosis.

CF plays an active role in the pathogenesis of CD.%!"%2 A recent
cellular and molecular study?! showed that gut bacteria in CD trans-
locate to MAT and then promote the formation of CF; conversely,
CF may be a defence mechanism partly mediated by M2-like macro-
phages and specific bacteria to limit gut bacterial spread. Given this
association, it is important to characterize the role of CF in CD
fibrostenosis. We recently demonstrated that adipocytes from CF
secrete increased levels of free fatty acids, which in turn create a
pronounced effect on intestinal smooth muscle cell proliferation.?
However, clinical studies of CF in CD fibrostenosis remain limited in
number, and research on the relationship between CF and intestinal
smooth muscle hypertrophy/hyperplasia is relatively sparse. In the

present study, the extent of macroscopic CF wrapping around the
gut increased in tandem with the severity of fibrosis, as well as with
the thickness of muscularis mucosae and muscularis propria, and
inversely with luminal diameter. This supports the findings of other
groups.>*

The above findings also support efforts to develop a means of
non-invasively assessing the extent of fat wrapping around the gut.
To address this issue, the extent to which peri-enteric mesenteric
vessels enwrap the intestine was determined radiologically and then
used to generate an index, the MCFIL. This is similar to the ‘mes-
enteric disease activity index’ reported by Coffey et al.?> According
to the latter index, mild mesenteric disease corresponded to min-
imal fat-wrapping, moderate mesenteric disease corresponded to
<25% fat-wrapping and severe disease corresponded to >25%
fat-wrapping.? The MCFI exploits the established reported relation-
ship between mesenteric vessels and CE*%?3%** Additional studies
found that expansion of adipose tissue deposits occurs in tandem
with angiogenesis, and this may be related to signals derived from
proliferating adipocytes.”*?¢ In CD, angiogenesis in MAT correlates
with increases in visceral fat.?> These were directly confirmed by our
results and other studies*** in which the number of blood vessels
increased in MAT and these vessels showed a similar wrapping mag-
nitude around the gut as with CE.

According to the results of the present study, MCFI may be an
accurate means of non-invasively determining the degree to which
the mesentery wraps around the intestine as CFE. This suggestion was
further supported by the correlation observed between MCFI and
severity of fibrostenosis. Some studies indicate that the MAT must
cover at least 50% of the bowel circumference in order to diagnose
the presence of CE?72® It is likely that this criterion is too stringent
as lower degrees of CF were more frequently identified.> Consistent
with the data from Coffey et al.,> MCFI of > 3 [i.e. 4-8] often indi-
cated the coexistence of moderate-severe bowel fibrostenosis. The
MCEFI threshold was further tested in a prospective cohort and it
was associated with moderate accuracy and high sensitivity.

Of note, a stronger correlation was observed between the MCFI
and fibrostenosis than was apparent between either visceral to sub-
cutaneous fat area ratio and fibrofatty proliferation score and
fibrostenosis. Although this ratio may be useful in reflecting the se-
verity of CD stricturing,** our study did not identify a correlation
between the ratio and fibrostenosis. It is feasible that this relates to

Table 3. MCFI, visceral to subcutaneous fat area ratio and fibrofatty proliferation score in patients with Crohn’s disease

Retrospective cohort [ = 91] Prospective cohort [7 = 30]

MCFI (median [IQR])
1

NN AW

8
Fibrofatty proliferation score (median [IQR])

0

1

2
Visceral to subcutaneous fat area ratio [L3] (median [IQR])
Visceral to subcutaneous fat area ratio [L4] (median [IQR])

4 [3-6] 4[2-4]
1[1.10%)] 2[6.67%]
19 [20.88%] 7123.33%]
16 [17.58%] 216.67%]
20[21.98%] 16 [53.33%]
515.49%] 0

25 [27.47%] 3[10%]
5[5.49%] 0

0 0

0 [0-1] 0 [0-0]

62 [68.13%)] 24 [80%]
22 [24.18%)] 5116.67%]
71(7.69%] 1[3.33%]

1.78 [0.65-3.60]
1.17 [0.66-2.61]

1.01 [0.55-2.06]
0.91 [0.48-1.24]

MCFI, mesenteric creeping fat index; IQR, interquartile range.
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Figure 6. Surgical specimen [A] identified a topographical coupling of small mesenteric vessels [arrowheads] along the surface of the intestine and extending
creeping fat.This anatomical manifestation is the basis for creating the mesenteric creeping fatindex. On the corresponding coronal CTE using MIP reconstruction
with a thickness of 4.90 mm [B], the resected small bowel [arrow] with prestenotic dilatation [asterisk] has prominent perienteric vasculature [i.e. comb sign] in
the creeping fat [yellow dotted line], which is consistent with the surgical specimen. H&E staining section [C] shows enlarged mesenteric vessels in the MAT.
CTE, CT enterography; MIP, maximum intensity projection; H&E, haematoxylin and eosin; MAT, mesenteric adipose tissue

variations in the measurement of levels of visceral adiposity as there is
no consensus as to how this is defined. As a result, retroperitoneal fat
is sometimes grouped under the term visceral fat, when retroperitoneal
fat is somatic in nature and position. The result is that impressions of
levels of visceral adiposity are interpreted as being greater than actual
levels. It is possible that the improved accuracy of the MCFI relates
to the fact that it focuses on fat at the intestine, and not other areas.
This is one of the few studies available assessing the relationship
between the severity of CF and smooth muscle hyperplasia/hyper-
trophy which have been recently reported to be the major contribu-
tors to intestinal stricture formation in CD,*¢ but there is a deficit
in studies addressing this issue. As our study identified a relation-
ship between the severity of CF on cross-sectional imaging and the
smooth muscle hyperplasia/hypertrophy, it adds knowledge to this
area. Another interesting point is whether the relationship between
MCFI with smooth muscle hyperplasia/hypertrophy in the small
bowel is different from that in the colon. Many genetic studies®*-*

have suggested that the small bowel and colonic CD represent two
distinct disease entities. Similarly, CF that is adjacent to the small
bowel might also be different from that adjacent to the colon, ac-
cording to the study of Kredel et al.** in which small bowel CF
showed distinct adipocyte hyperplasia combined with dense T-cell in-
filtration and fibrosis whereas colonic fat lacked these findings in CD.
However, in our study, similar correlations between MCFI and thick-
ness of smooth muscle were found between small bowel strictures
and colonic strictures, indicating that CF may produce an equal effect
on intestinal smooth muscle hyperplasia/hypertrophy in these two lo-
cations. Moreover, our results also suggested that CF, bowel fibrosis
and bowel inflammation are closely related, although it appears that
the relationship between CF and bowel fibrosis was stronger.
However, this study also had certain limitations. First, a control
‘normal’ group was not included as this would have meant excision of
normal intestine, for correlation with radiological findings. It is feas-
ible that mesenteric adipose tissue from apparently normal regions
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of the mesentery may also play a role in the very early stages of CE>*
Second, sample sizes in both the retrospective and the prospective
cohorts were limited. Whilst this is generally a feature of studies in
CD, the collation of results of multiple centres could increase sample
size enough to strengthen the conclusions. Third, we used CTE rather
than magnetic resonance enterography to develop the MCFI because
modern low-radiation CT scanners are safe for CD patients and have
a higher spatial resolution that may be more suitable for this prelim-
inary study. MCFI reconstructed by magnetic resonance enterography
is worthy of further study. Lastly, the body mass index of the patients
with CD enrolled in this study was generally low. Although CF is a
distinctive body-weight-independent accumulation of MAT wrapped
around the bowel segments affected by CD,* the relationship between
MCEFI and intestinal fibrotic stricture needs to be confirmed in CD pa-
tients with higher body mass index in a future study.

In conclusion, MCFI is a non-invasive radiological index that
accurately quantifies the degree of CE It outperforms other estab-
lished indices such as the visceral to subcutaneous fat area ratio and
fibrofatty proliferation score in assessing the severity of fibrostenosis.
Give these findings, the MCFI should be further investigated as a
non-invasive means of determining the severity of CF and associated
mural changes in CD.
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