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Abstract
Objectives To evaluate the clinical usefulness of dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) in chil-
dren and young adults with Crohn’s disease.
Methods From August 2017 to October 2018, 30 patients with Crohn’s disease (21 males and 9 females; mean age 15.1 ±
2.5 years) underwent DCE-MRI with MRI enterography. We assessed the endoscopic finding, pediatric Crohn’s disease activity
index (PCDAI), C-reactive protein (CRP) level (mg/dL), Crohn’s disease MR index (CDMI) score, and the perfusion parameters
of DCE-MRI (Ktrans, Kep, and Ve) at the ileocecal region between the inactive and active groups based on the histopathologic
status.
Results The active Crohn’s disease group showed higher PCDAI, CRP, and CDMI scores than the inactive group (22.2 ± 18.8 vs.
6.3 ± 6.4, p = 0.027; 1.32 ± 1.79 vs. 0.10 ± 0.13, p = 0.005; 7.4 ± 3.9 vs. 4.5 ± 3.0, p = 0.047, respectively). The active Crohn’s
disease group showed a higher Ktrans value than the inactive group (0.31 ± 0.12 vs. 0.16 ± 0.46 min−1, p = 0.002). Endoscopic
finding; PCDAI, CRP, and CDMI scores; and Ktrans value were significant parameters in the identification of the active Crohn’s
disease (p = 0.002, p < 0.001, p = 0.029, p = 0.006, and p < 0.001, respectively). Ktrans value was the most significant value for
identifying active Crohn’s disease in the multivariate logistic regression analysis (p = 0.013).
Conclusion Ktrans value could discriminate between inactive and active Crohn’s diseases. Ktrans value may have the potential to
monitor the pediatric Crohn’s disease activity.
Key Points
• With dynamic contrast-enhanced MRI, we can quantitatively monitor the Crohn’s disease status in pediatric patients and
provide proper management plans to clinicians.

• The Ktrans value of dynamic contrast-enhanced MRI perfusion parameter, as well as the clinical pediatric Crohn’s disease
activity index, C-reactive protein level, the endoscopic score, and the Crohn’s disease MR index, was higher in the active
Crohn’s disease than in the inactive group based on the histopathologic status.

• The Ktrans value among the dynamic contrast-enhanced MRI perfusion parameters was the most significant differentiating
parameter for the active Crohn’s disease from inactive status among those parameters (p = 0.013).
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Abbreviations
CDMI Crohn’s disease magnetic resonance

imaging index
CRP C-reactive protein
DCE-MRI Dynamic contrast-enhanced magnetic

resonance imaging
Kep Rate constant
Ktrans Volume transfer coefficient
MRE Magnetic resonance enterography
PCDAI Pediatric Crohn’s disease activity index
TIC Time-intensity curve
Ve Extracellular extravascular volume fraction

Introduction

Crohn’s disease is a chronic inflammatory disease that more
commonly affects the ileocecal area in children [1]. Pediatric
patients with Crohn’s disease are required to undergo endos-
copy, magnetic resonance enterography (MRE), or clinical
evaluations such as the pediatric Crohn’s disease activity in-
dex (PCDAI) score or C-reactive protein (CRP) level [2–4].
Conventional endoscopy for children can provide accurate
mucosal information but is an invasive test [5]. MRE has been
widely used to determine the disease extent such as structural
changes and to have the ability to assess the whole abdomen
and pelvis but has a limitation of physiologic evaluation of
inflamed bowel [6, 7].

It has been known that dynamic contrast-enhanced mag-
netic resonance imaging (DCE-MRI) improves the ability to
show the accompanying microscopic changes in early inflam-
mation and fibrosis or evaluation of therapeutic response [2, 5,
8–10]. Quantitative analysis of DCE-MRI is used to estimate
the gadolinium contrast agent concentration over time, so we
can obtain quantitative perfusion parameters related to micro-
vascular permeability of the inflamed bowel wall [2, 8–11].
However, few studies have evaluated the diagnostic perfor-
mance of DCE-MRI with the histopathologic activity of pedi-
atric Crohn’s disease patients as a standard reference.

Our hypotheses were that (a) DCE-MRI perfusion param-
eters can be used to quantitatively assess changes in the in-
flamed bowel wall and (b) it can reflect the histopathologic
activity of Crohn’s disease. Therefore, the objective of this
study was to evaluate the clinical usefulness of DCE-MRI in
patients with pediatric Crohn’s disease.

Materials and methods

Our Institutional Review Board (IRB) approved this study.
The requirement for informed consent was waived due to its
retrospective nature.

Clinical severity scoring

All included patients were assessed using the PCDAI score
based on clinical status [12]. The PCDAI score included sub-
jective reporting of the patient’s symptom, the presence of
extra-intestinal manifestations, physical examination findings,
and laboratory findings [12]. The PCDAI score could be range
from 0 to 100, with higher scores indicating more active dis-
ease. The CRP level was also assessed in all patients as a
secondary clinical severity standard [10]. Clinical characteris-
tics in each patient were evaluated by a pediatric gastroenter-
ologist (J.S.M., with 15 years of clinical experience in pediat-
ric gastroenterology). The PCDAI score and CRP level were
assessed within 2 days prior to the MRI examination (0.8 ±
0.5 days).

Reference standard examination

Ileocolonoscopy was performed using standard bowel prepa-
ration by a pediatric gastroenterologist (J.S.M., with 15 years
of clinical experience in pediatric gastroenterology). The gas-
troenterologist performed the biopsy at six bowel segments,
namely the ileocecal region, ascending colon, transverse co-
lon, descending colon, sigmoid colon, and rectum, within
3 days of the MRI examination. The severity of inflammatory
lesions was graded on a scale from 0 to 3: grade 0, absence of
lesions; grade 1, presence of inflammatory lesions without
ulceration, including erythema, edema, pseudopolyps, and
aphthae; and grade 3, presence of superficial or deep ulcera-
tions [13]. The average value of endoscopy score was evalu-
ated at the six bowel segments. The endoscopy with obtaining
a biopsy specimen was performed before and after 2 days at
the MRI examination (1.2 ± 0.3 days).

A pathologist (G.H.K., over 20 years of clinical experience
in pediatric gastrointestinal pathology) had recorded the dis-
ease activity such as an active or inactive state of Crohn’s
disease at each biopsy specimen, who was unaware of the
clinical activity or MRE findings. The definition of the active
Crohn’s disease was the presence of neutrophil infiltrations in
the cryptal/surface epithelium or lamina propria of the biopsy
specimen [14]. The inactive Crohn’s disease was the presence
of crypt architectural distortion or crypt atrophy at the biopsy
specimen without neutrophil infiltration. We set the histopath-
ologic diagnosis as the reference standard of disease activity
by reviewing the electronic medical record for the biopsy
specimen.

Image acquisition

MRI examinations were performed using a 1.5-T MRI unit
(MAGNETOM Avanto; Siemens Healthineers) with an 8-
channel body coil. Supine images were acquired, and then,
anti-peristaltic agents (Buscopan; Boehringer Ingelheim) were
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administered intravenously slowly over 2 min at a dose of
0.3 mg/kg. For patients with pediatric Crohn’s disease, the
following sequences were obtained based on our institution’s
standard protocol including axial/coronal T2-weighted single-
shot fast spin-echo (SSFSE) sequences with and without fat
suppression (Table 1).

In order to perform DCE-MRI, the enhancement of the
dynamic MR signal must be converted to a change in the
tissue relaxation rate R1 (1/T1) and adjusted to the contrast
agent concentration of the tissue. Therefore, unenhanced T1-
weighted volumetric interpolated breath-hold examination
(VIBE) images were obtained at the center of an ileocecal area
with flip angles of 2°, 5°, 8°, and 15° for T1 mapping [15–17].
The center of the ileocecal region was defined at the location
of visibly inflamed bowel (on SSFSE images), or the ileocecal
valve when absent of visible bowel wall thickening, and then
the coverage expanded with the 4-mm slice thickness and the
24 number of slices on the T1 map images. DCE-MRI per-
formed at the same slices of the T1 map images.

DCE-MRI examinations were performed at the center of
the ileocecal area by using a bolus injection of 0.1 mmol/kg of
gadoterate meglumine (Dotarem; Guerbet) with a rate of
2.0 mL/s, followed by 25 mL of normal saline by using an
MR-compatible power injector (Spectris Solaris; Medrad). All
patients were instructed to breathe quietly during the exami-
nation. The total scan time of the DCE-MRI sequence was
3 min 25 s including 80 phases, at a temporal resolution of
2.5 s.

Conventional MR severity index

On a picture archiving and communication system worksta-
tion, we assessed the mural thickness (mm) and mural signal
intensity at the most thickened ileocecal region on the fat-
suppressed axial T2 SSFSE sequence using a previously de-
tailed four-grade system [18, 19]. A model for the Crohn’s
disease MR index (CDMI) score calculation was used, using

the following equation calculated by a pediatric radiologist
(S.L., with 6 years of clinical experience in pediatric radiolo-
gy): CDMI score = mural thickness grade +mural T2 signal
grade + perimural T2 signal grade + contrast enhancement
grade [10, 20, 21].

The mural thickness was graded on a scale from 0 to 3:
grade 0, less than 3 mm; grade 1, 3–5 mm; grade 2, 5–7 mm;
and grade 3, over than 7 mm [21]. The grading of the mural
signal intensity was graded on a scale from 0 to 3: grade 0,
equivalent to normal bowel wall; grade 1, bowel wall appears
dark gray on fat-saturated images; grade 2, bowel wall appears
light gray on fat-saturated images; and grade 3, bowel wall
contains areas of white high signal approaching that of lumi-
nal content [18]. The grading of the perimural T2 signal was
graded on a scale from 0 to 3: grade 0, equivalent to normal
mesentery; grade 1, increase in mesenteric signal but no fluid;
grade 2, small fluid rim (≤ 2 mm); and grade 3, large fluid rim
(> 2 mm) [18]. The grading of contrast enhancement was
graded on a scale from 0 to 3: grade 0, equivalent to normal
bowel wall; grade 1, bowel wall signal greater than normal
small bowel but significantly less then nearby vascular struc-
tures; grade 2, bowel wall signal increased but somewhat less
than then nearby vascular structures; and grade 3, bowel wall
signal approaches that of nearby vascular structures [18].

Quantitative analysis of DCE-MRI

Voxel-wise perfusion maps were generated by using a dedi-
cated post-processing software program for DCE-MRI
(Tissue 4D; Siemens Healthineers), into which the volume
transfer coefficient (Ktrans), extracellular extravascular volume
fraction (Ve), and rate constant (Kep) were input.We performed
the motion correction using the Tissue 4D program, and the
motion-corrected images were registered on the T1 map, the
signal intensity was converted to a gadolinium concentration,
and the time-intensity curve (TIC) was calculated using the
Tissue 4D program. Perfusion parameter calculation was

Table 1 Imaging sequences at 1.5 T

Sequences T2 SSFSE T2 SSFSE True FISP DCE T1CE

Plane Coronal Axial Coronal/axial Axial Axial

Fat suppression No Yes Yes No Yes

Receiver bandwidth (Hz/pixel) 422 422 504 444 446

TR/TE (ms) 1500/100 1500/100 4.2/2.1 3.8/1.8 4.3/2.2

Flip angle (°) 170 170 60 12 9

Slice thickness/gap 3/1.5 3/1.5 3/1.0 4/0 5/0

Slices 30 30 30 1920 60

FOV (mm) 340 × 340 300 × 243 340 × 340 320 × 260 320 × 260

Matrix 320 × 192 320 × 130 320 × 192 256 × 125 256 × 125

SSFSE, single-shot fast spin echo; True FISP, true fast imaging with steady-state precision;DCE, dynamic contrast-enhanced; T1CE, contrast-enhanced
T1-weighted ultrafast spoiled gradient-echo with fat suppression; TE, echo time; TR, repetition time; FOV, field of view
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based on the Tofts model [22, 23] with the arterial input func-
tion (AIF) chosen according to the population-based interme-
diate sampling method [24].

Two authors (S.L and Y.H.C., with 6 years and 14 years of
clinical experience in pediatric radiology, respectively), who
were blinded to the patients’ clinical information, performed
region of interest (ROI) analysis of the image sets. ROIs were
drawn at the three times over the most thickened ileocecal
region on the axial images. Circular ROI area ranged from
0.3 to 0.5 cm2. The average value of the perfusion parameters
was accepted as the final result for the quantitative perfusion
parameter values.

Statistical analysis

All statistical analyses were performed with SPSS version
21.0 (SPSS Inc.).

The PCDAI score, CRP level, endoscopy score, the mural
thickness, CDMI score, and DCE-MRI parameters were
assessed using the unpaired t test to compare significant dif-
ferences between the inactive Crohn’s disease group and ac-
tive group. Grading of the mural thickness, mural signal in-
tensity, perimural signal intensity, and contrast enhancement
were compared using Fisher’s exact test. To assess the repro-
ducibility of the DCE-MRI parameter measurements, the
intra-class correlation coefficient (ICC) with a two-way ran-
dom model was calculated between the two observers. The
agreement was classified as excellent (ICC > 0.75), moderate
(ICC = 0.40–0.75), or poor (ICC < 0.40).

DCE-MRI parameters were compared with the PCDAI
score, CRP level, endoscopy score, and the CDMI score,
using Pearson’s correlation test. Subsequently, receiver op-
erating characteristic (ROC) curve analysis was used to as-
sess the diagnostic performance of each parameter for active
Crohn’s disease patients. The area under the ROC curve
(AUC) was used to determine the best cutoff values for the
perfusion parameters that proved to be substantial variables
in differentiating inactive from active Crohn’s disease by
using the method of DeLong et al [25]. Subsequently, mul-
tivariate stepwise logistic regression analysis was performed
to identify the significant parameters to distinguish the inac-
tive and active groups using the forward stepwise selection
method.

Variables with a p value of < 0.05 according to the univar-
iate analysis were used as input variables for the multivariable
linear regression analysis, with an iterative entry of variables
on the basis of the test results (p values of < 0.05).

Results

We performed DCE-MRI on patients under age 20 having
Crohn’s disease between August 2017 and October 2018.

The inclusion criteria were as follows: (a) DCE-MRI was
performed with an adequate scan range including the ileocecal
area; (b) the kinetic model was successfully generated on the
TIC of the DCE-MRI; (c) MRI was of good bowel distension;
(d) pediatric Crohn’s disease activity and CRP evaluation had
been simultaneously obtained by pediatric clinicians within
2 days at the DCE-MRI examination; and (e) the histopatho-
logic evaluation had performed before and after 2 days at the
DCE-MRI examination. A total of 30 patients were included
in this study (mean age, 15.1 years; age range, 10–20 years; 21
boys and 9 girls). An excluded 31 patients were of which eight
patients did not show with an adequate scan range. The TIC
did not successfully generate on the DCE-MRI analysis at
seven patients. The proper bowel distension had failed at four
patients. PCDAI score and CRP evaluation had not obtained
at two patients, and the histopathologic evaluation had not
performed before the DCE-MRI examination at ten patients.

The number of patients in the inactive and active groups
was 8 and 22 patients, respectively (Table 2). There was no
difference in age and sex between the inactive and active
groups. The active group showed a higher PCDAI score than
the inactive group (22.2 ± 18.8 vs. 6.3 ± 6.4, p = 0.027). The
active group also showed a higher CRP (mg/dL) level than the
inactive group (1.32 ± 1.79 vs. 0.10 ± 0.13, p = 0.005)
(Table 2).

In terms of endoscopic findings, the scores of six bowel
segments were averaged and then regarded as the total endos-
copy score. The endoscopy score in the active group was
higher than that in the inactive group, but there was no statis-
tical significance (0.84 ± 0.54 vs. 0.54 ± 0.55, p = 0.160). The
endoscopic score at the ileocecal region was a higher score
than that of the inactive group (1.55 ± 0.74 vs. 0.88 ± 0.83,
p = 0.042) (Table 2).

The mural thickness of the ileocecal area in the active
group was higher than that in the inactive group without
significance (p = 0.056). Mural thickness grade and mural
signal grading did not show any significant difference be-
tween the active group and the inactive group (p = 0.309
and p = 0.195). However, there was a significant difference
of perimural T2 signal grade and contrast enhancement of the
bowel wall between the active and inactive groups (p = 0.021
and p = 0.024). There was a significantly higher CDMI score
in the active group than in the inactive group (p = 0.047)
(Table 3).

For DCE-MRI perfusion parameters, the Ktrans value was
significantly higher in the active Crohn’s disease group than in
the inactive group (0.31 ± 0.12 vs. 0.16 ± 0.46, p = 0.002)
(Table 4). However, Kep and Ve values did not show any sig-
nificant difference between the active and inactive groups
(Table 4). The perfusion parameters (Ktrans, Kep, and V e) had
ICC values of 0.912 (95% confidence interval [CI], 0.886–
0.946), 0.876 (95% CI, 0.843–0.941) and 0.861 (95% CI,
0.813–0.937), respectively.
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There was a significant correlation betweenKtrans and other
perfusion parameters, clinical scores, endoscopic scores (ex-
cept ileocecal region), or CDMI (Table S1). The PCDAI
score, CRP level, and CDMI score were also correlated with
other parameters (Table S1).

The ROC analysis for PCDAI score, CRP level, endoscopy
finding, CDMI score, and DCE-MRI perfusion parameters for
distinguishing the active Crohn’s disease group is shown in
Table 5. In the multivariate logistic regression analysis, we
identified the Ktrans value (p = 0.013) as a significant variable

in the differentiation of the active Crohn’s disease group from
the inactive group, whereas PCDAI score, CRP level, endos-
copy finding of ileocecal region, and CDMI score were not
included in the logistic regression equation.

Figures 1 and 2 show representative active and inactive
Crohn’s disease cases, respectively.

Discussion

This study assessed whether DCE-MRI can identify changes
in the inflamed bowel wall and evaluate clinical or histopath-
ologic disease severity in pediatric patients with Crohn’s dis-
ease. Our study demonstrated that the Ktrans value of DCE-
MRI can be used to quantify perfusion changes in pediatric
Crohn’s disease patients.

DCE-MRI has been used for perfusion status assessment
during the disease process [26]. In terms of Crohn’s disease
pathogenesis, it is known that disease progression induces
microvascular remodeling, increases the permeability of blood
vessel walls, and increases exudation from blood vessels to
extracellular space [27]. Oto et al [8] demonstrated that DCE-
MRI perfusion parameters were a more useful diagnostic tool
than conventional MRE in adult patients. Ziech et al [28] also
reported that changes in Ktrans might be more indicative of
changes in the inflamed bowel wall. However, Taylor et al
[29] reported that the Ktrans value did not show any correlation
with histologic and clinical markers of inflammation, despite a
correlation with disease chronicity and angiogenesis. Despite
previous controversial studies [28, 29], there are few studies in
pediatric Crohn’s disease patients that performed DCE-MRI.
Our study showed that the perfusion parameter of DCE-MRI
might be higher in the active Crohn’s disease group than in the
inactive group, according to the histopathologic activity.

Table 3 Comparison of Crohn’s disease MR index (CDMI) (n = 30)

Definition Inactive Crohn’s (N = 8) Active Crohn’s (N = 22) p value

Mural thickness (mm) 4.9 ± 1.8 6.6 ± 2.6 0.056

Mural thickness grade/mural T2 signal grade 0.309/0.195

Grade 0 (normal) 1 (12.5%)/2 (25.0%) 3 (13.6%)/3 (13.6%)

Grade 1 (minor) 3 (37.5%)/2 (25.0%) 2 (9.1%)/2 (9.1%)

Grade 2 (moderate) 1 (12.5%)/3 (37.5%) 6 (27.3%)/6 (27.3%)

Grade 3 (marked) 3 (37.5%)/1 (12.5%) 11 (50.0%)/11 (50.0%)

Perimural T2 signal grade/contrast enhancement 0.021/0.024

Grade 0 (normal) 1 (12.5%)/7 (87.5%) 3 (13.6%)/7 (31.8%)

Grade 1 (minor) 4 (50.0%)/1 (12.5%) 3 (13.6%)/9 (40.9%)

Grade 2 (moderate) 3 (37.5%)/0 (0.0%) 3 (13.6%)/6 (27.3%)

Grade 3 (marked) 0 (0.0%)/0 (0.0%) 13 (59.1%)/0 (0.0%)

CDMI score† 4.5 ± 3.0 7.4 ± 3.9 0.047

†CDMI scores are calculated as follows: mural thickness grade +mural T2 signal grade + perimural T2 signal grade + contrast enhancement grade

Statistically significant variables are shown in italics

Table 2 Clinical characteristics and endoscopic results of patient
population (n = 30)

Characteristics Inactive (N = 8) Active (N = 22) p value

Age 14.8 ± 2.9 15.2 ± 2.4 0.712

Sex 0.719

Male 6 (75.0%)† 15 (68.2%)†

Female 2 (25.0%)† 7 (31.8%)†

PCDAI score 6.3 ± 6.4 22.2 ± 18.8 0.027

C-reactive protein (mg/L) 0.10 ± 0.13 1.32 ± 1.79 0.005

Endoscopy scores†† 0.54 ± 0.55 0.84 ± 0.54 0.160

Ileocecal region 0.88 ± 0.83 1.55 ± 0.74 0.042

Ascending colon 0.38 ± 0.52 0.82 ± 0.85 0.101

Transverse colon 0.38 ± 0.74 0.68 ± 0.89 0.360

Descending colon 0.50 ± 0.76 0.73 ± 0.94 0.506

Sigmoid colon 0.38 ± 0.74 0.73 ± 0.98 0.367

Rectum 0.75 ± 1.04 0.55 ± 0.91 0.631

PCDAI, pediatric Crohn’s disease activity score; CRP, C-reactive protein
†Number of each group (%)
††Average of endoscopy scores at each bowel segments

Statistically significant variables are shown in italics
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These results imply that perfusion changes in patients who
had an active histopathologic result could be successfully
monitored by DCE-MRI.

Crohn’s disease is a chronic inflammatory bowel disease,
the severity of which should be evaluated using various im-
aging modalities. The objective assessment of disease severity
is important for therapeutic decisions; therefore, clinical prac-
tice may require a scoring system with clinical, endoscopic,
radiological, and combined indices [21]. Among the clinical
scoring systems, the PCDAI score and CRP level are known
to be valid indicators of disease activity in pediatric Crohn’s
disease patients [4, 12, 30]. Our study demonstrated the Ktrans

value had a significant correlation with the PCDAI score and
CRP level. PCDAI score was based on the clinician’s opinion
regarding disease activity in the patient. It was expected to
increase Ktrans value because the increased permeability is a
hallmark of active inflammation, although this factor could
not represent whole clinical spectrums.

Crohn’s disease has a characteristic that can affect all layers
of the intestinal wall. The endoscopic finding from the muco-
sal surface may not detect the disease activity in the deep
layers of the affected bowel segment [13]. We evaluated the
simple grading of endoscopy lesion (absence, presence, and
presence with ulceration) activity associated with Crohn’s

disease. There was a significant correlation between the sum
of endoscopy abnormality and Ktrans, CDMI score, or clinical
index such as PCDAI and CRP level. However, we could not
demonstrate the validity of our simplified endoscopic scoring
system at the ileocecal region; therefore, the further prospec-
tive design would need for the objective endoscopic grading
in the affected bowel segments.

Several previous studies have examined the ability of
MRE to monitor disease severity in relation to disease activ-
ity status in adult patients [11, 13, 19, 31]. In terms of pedi-
atric patients with Crohn’s disease, Pomerri et al [32] have
reported that the Magnetic Resonance Index of Activity
(MaRIA) based on MRE findings, such as wall thickness
(mm), relative contrast enhancement, and presence of edema
and ulcers, was correlated with clinical validity. However,
the MaRIA score has a potential limitation to reproducibility
because of subjective factors [33]. Steward et al [19] have
presented the CDMI scoring system using the weighted sum
of mural thickness and mural signal change as predictive
histopathological findings, although this study was conduct-
ed in adult patients. Our study demonstrated that both the
CDMI score and the Ktrans value showed a significant differ-
ence between the active and inactive groups. In the multivar-
iate logistic regression model, the Ktrans value was the most

Table 5 Diagnostic accuracy of parameters for differentiating active Crohn’s disease from inactive Crohn’s disease

AUC (95% CI) Sensitivity (%) Specificity (%) Cutoff p value

Clinical status

PCDAI score 0.761 (0.571–0.897) 63.6 87.5 > 10.0 0.002

CRP level 0.830 (0.648–0.941) 54.6 100.0 > 0.40 < 0.001

Endoscopy

Whole segment 0.653 (0.459–0.817) 95.5 37.5 > 1 0.198

Ileocecal region 0.724 (0.532–0.871) 68.2 75.0 > 1 0.029

MRE

CDMI score 0.744 (0.553–0.885) 50.0 100.0 > 9.0 0.006

Perfusion

Ktrans (min−1) 0.864 (0.689–0.961) 77.3 100.0 > 0.23 < 0.001

Kep (min−1) 0.619 (0.425–0.789) 59.1 75.0 > 0.93 0.295

Ve 0.685 (0.490–0.841) 72.7 75.0 > 0.19 0.132

AUC, area under the receiver operator characteristic curve;CI, confidence interval;CDMI, Crohn’s diseaseMR index; PCDAI, pediatric Crohn’s disease
activity index; CRP, C-reactive protein

Table 4 Comparison of dynamic contrast-enhanced perfusion MRI parameters

Perfusion parameters* Inactive Crohn’s (n = 8) Active Crohn’s (n = 22) p value

Ktrans (min−1) 0.16 ± 0.46 0.31 ± 0.12 0.002

Kep (min−1) 0.87 ± 0.35 1.11 ± 0.46 0.150

Ve 0.25 ± 0.23 0.30 ± 0.12 0.056

*The perfusion parameters related to vascularity and volume fractions, such as Ktrans (volume transfer coefficient reflecting vascular permeability), Kep

(flux rate constant), and Ve (extracellular volume ratio reflecting vascular permeability)
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significant variable in predicting active Crohn’s disease pa-
tients. The CDMI index has been shown to be accurate for
the diagnosis of disease activity but not for quantification of
severity [34]. Ziech et al [28] demonstrated that the bowel
wall thickness, the critical objective score in the CDMI sys-
tem, did not linearly increase with disease activity due to the
fibrous component or previous inflammation sequel.

Therefore, the Ktrans value might have a further advantage
of the quantification of the disease activity or the assessment
of the treatment response.

However, some practical limitations of the Ktrans value
have to be acknowledged. Our study showed that there
was a difference in the perfusion parameter values report-
ed in previous studies. Our mean Ktrans values in the

Fig. 1 Dynamic contrast-enhanced perfusion MRI images of active
Crohn’s disease. The histopathologic diagnosis of this 16-year-old
female patient was active in Crohn’s disease. Her pediatric Crohn’s
disease activity (PCDAI) score and C-reactive protein level were 47.5
and 1.1 (mg/dL), respectively. a The T2-weighted axial image showed
the thickened bowel wall at the ileocecal valve (arrow), which appeared
light gray on fat-saturated image. b The T1-weighted contrast-enhanced
axial image showed the bowel wall signal increased (arrow) similar to that
of nearby vascular structures. Thus, the Crohn’s disease magnetic
resonance imaging index (CDMI) score was 10 with a marked
thickness of mural bowel wall and enhancement. c Dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) color map images

were generated through the time-intensity curve (TIC) using the Tissue
4D program. d The region of interest (circle) was drawn at the most
thickened bowel wall without invading the bowel lumen. The yellowish
area in the volume transfer coefficient (Ktrans) map indicates the increase
of the Ktrans value. The abnormal bowel segment showed an increase in
the Ktrans value (0.428). e The reddish area in the rate constant (Kep) map
indicates the increase of the Kep value. There was a mild increase in the
Kep value in the abnormal bowel segment (Kep = 1.21). f The orange-
greenish area in the extracellular extravascular volume fraction (Ve) map
indicates the increase of the Ve value. There was also an increase in the Ve

value in the abnormal bowel segment (Ve = 0.353)

Eur Radiol (2020) 30:3168–31773174



inactive and active Crohn’s disease groups were
0.16 min−1 and 0.31 min−1, respectively. The results de-
scribed herein are similar to those described by Taylor
et al [29], but these values are very low compared with
previously reported Ktrans values [8, 10]. Another expla-
nation of these results might be the lower MR field
strength resulting in a temporal resolution of 2.5 s. The

different temporal resolutions could affect the AIF mea-
surements, and we believe that the most important factor
might be the image acquisition method such as AIF [35].
We used the population-based AIF method that is provid-
ed in the Tissue 4D software, similar to Taylor et al’s
study. On the other hand, other studies that found higher
Ktrans values used a customized AIF method [8, 10, 36].

Fig. 2 Dynamic contrast-enhanced perfusion MRI images of inactive
Crohn’s disease. The histopathologic diagnosis of this 14-year-old male
patient was inactive in Crohn’s disease. His pediatric Crohn’s disease
activity (PCDAI) score and C-reactive protein level were 5.0 and 0.01
(mg/dL), respectively. a The T2-weighted axial image showed the mildly
thickened bowel wall at the ileocecal valve (arrow), which appeared light
gray on fat-saturated image. b The T1-weighted contrast-enhanced axial
image showed the bowel wall signal was higher than normal small bowel
(arrow) but significantly less than nearby vascular structures. Thus, the
Crohn’s disease magnetic resonance imaging index (CDMI) score was 5
with a mild thickness of mural bowel wall and mild enhancement. c
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)

color map images were generated through the time-intensity curve
(TIC) using the Tissue 4D program. d The region of interest (circle)
was drawn at the most thickened bowel wall without invading the
bowel lumen. The yellowish area in the volume transfer coefficient
(Ktrans) map indicates the increase of the Ktrans value. The abnormal
bowel segment showed a rise increase in the Ktrans value (0.214). e The
reddish area in the rate constant (Kep) map indicates the increase of theKep

value. There was a mildly increase in theKep value in the abnormal bowel
segment (Kep = 1.305). f The orange-greenish area in the extracellular
extravascular volume fraction (Ve) map indicates the increase of the Ve

value. There was no increase in the Ve value in the abnormal bowel
segment (Ve = 0.164)
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In addition, the different temporal resolutions could im-
pact the incorrect AIF measurement and ultimately lower
Ktrans values [8]. The main advantage of this study, how-
ever, is that our DCE-MRI results were obtained uniform-
ly and a standard histopathologic evaluation was used as a
reference.

Our study has several limitations that need to be taken into
account when interpreting the data. First, the perfusion param-
eters estimated by segmental ROIs of DCE-MRI images
might have a weak correlation with biopsy specimen of whole
bowel segments. However, it is also important to focus on
quantitative changes of perfusion parameters in each pediatric
patient depending on their histopathologic result because en-
doscopy or histopathologic result may also have any segmen-
tal sampling problem. Second, it is up to the observer to
choose the ROI in the inflamed bowel wall. Previous DCE-
MRI studies had remarked that the thin diameter of the nor-
mally distended bowel wall can introduce inappropriate ROI
placement [2, 29]. Thus, we used an inter-observer reliability
test to assess perfusion parameters; there was an excellent
agreement in measurements of the inflamed bowel wall.
Third, we allowed the free breathing quietly during the
DCE-MRI examination because many pediatric patients could
not endure the breath hold during the image scan. Even a quiet
breath could affect the correct evaluation of DCE-MRI perfu-
sion data. However, there was no breathing-related artifact
because a mean age of the patient was adolescent age.
Finally, we did not compare the perfusion parameters to the
enhancement pattern or the presence of diffusion restriction.
Previous studies [31, 37] had demonstrated that delayed con-
trast enhancement or diffusion-weighted imaging technique
could be a useful imaging technique to differentiate the fibro-
sis and inflammatory components in Crohn’s disease. Hectors
et al [38] had demonstrated that the combination of diffusion-
weighted imaging and DCE-MR technique could be useful for
the quantification of small bowel Crohn’s disease of adult
patients. Therefore, it would be needed to assess the combined
effect of perfusion and diffusion-weighted imaging techniques
to evaluate the accurate histopathologic status.

In conclusion, our results suggest that quantitative param-
eters of DCE-MRI in pediatric Crohn’s disease patients can
monitor disease activity and may indicate differences in in-
flammatory bowel loops between the active and inactive
Crohn’s disease groups. The measurements of the Ktrans value
might be possible in the assessment of Crohn’s disease activity
in pediatric patients.
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