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Abstract
Purpose  To assess the use of virtual monochromatic images (VMI) for discrimination of affected and non-affected bowel 
walls in patients with Crohn’s disease (CD) as well as to compare mural enhancement between patients with and without CD.
Materials and methods  This retrospective study included 61 patients (47 with CD, 14 without CD). Attenuation value (AV), 
signal-to noise ratio (SNR), and contrast-to-noise ratio (CNR) were obtained at VMI energy levels from 40 to 110 keV in 
10 keV increment. Analyses were performed among affected and non-affected bowel walls in CD patients, as well as from 
bowel walls in patients without CD. Image quality and mural enhancement were evaluated at VMI energy levels at 40, 70, 
and 110 keV.
Results  At all energy levels of VMI, each quantitative data for AV, SNR, and CNR showed statistically significant difference 
between diseased and non-diseased bowel walls in CD patients. In the quantitative assessment of patients with and without 
CD, the optimal AV and SNR were obtained at 40 keV, and the optimal CNR was obtained at 70 keV. For the qualitative 
assessment, the best image quality and mural enhancement were obtained at 70 keV and 40 keV, respectively.
Conclusion  VMI are helpful for the differentiation of affected bowel walls in CD patients, providing high diagnostic accuracy.
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Introduction

Crohn’s disease (CD) is a chronic inflammatory bowel dis-
ease characterized by skip lesions and transmural inflamma-
tion [1]. With the improvement of multidetector computed 
tomography (CT), CT enterography (CTE) has become an 
important imaging modality of choice for evaluating CD 
[2, 3]. The main diagnostic purpose of CTE in the setting 
of CD is to differentiate active inflammation from fibrotic 
bowel strictures, thus enabling the most appropriate treat-
ment. Bowel wall enhancement is the most sensitive indi-
cator of active CD [4, 5]. Therefore, differences in mural 

enhancement can be used to differentiate diseased bowel 
from non-diseased bowel [6].

In conventional CT scanning, polychromatic X-ray beam, 
which consists of photons with a wide range of energies, is 
used. The tube peak voltage (kVp) that adjusts the upper 
limit of the X-ray energy spectrum affects tissue contrast 
[7]. However, in dual-energy CT, data are simultaneously 
obtained from high- and low-energy X-ray spectra [8, 9]. 
Dual-energy CT data can be demonstrated using non-mate-
rial-specific, material-specific, and energy-specific display 
methods [10, 11]. In energy-specific methods, virtual mono-
chromatic images (VMI) can be reconstructed. Virtual mon-
ochromatic images simulate Hounsfield unit (HU) values 
that correspond to imaging obtained using an X-ray beam 
composed of a single-energy value [12]. Virtual monochro-
matic images show alterations in HU values depending on 
the different energy levels of reconstruction [13]. Kiloelec-
tron volt (keV) is used to report the X-ray energy instead of 
kVp [14]. Kiloelectron volt values can be used to maximize 
contrast between structures as lower keV images can make 
the iodine content within structures more prominent, while 
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higher keV images can trivialize the iodine content [12, 15, 
16].

Virtual monochromatic images have many applications in 
the clinical practice, including beam-hardening correction, 
metal artifact reduction, and optimization of image qual-
ity [17]. It is suggested that the use of optimal VMI can 
provide improved image quality than that obtained with a 
conventional single-energy 120-kVp technique [18, 19]. On 
the other hand, noise is an important factor to be considered 
when selecting the optimal reconstructed monochromatic 
energy level [17].

It has been demonstrated that VMI may supply more reli-
able attenuation values (AV) than conventional polychro-
matic imaging [19, 20]. Thus compared to conventional 
CT, dual-energy CT may improve conspicuity and enable 
additional information for assessment by accentuating dis-
tinctions in bowel wall enhancement [10]. However, reports 
of VMI of dual-energy CTE for the evaluation of patients 
with CD are limited. Therefore, the first objective of our 
study was to quantitatively assess AV, signal-to-noise ratio 
(SNR) and contrast-to-noise ratio (CNR) of the affected and 
non-affected bowel segments in patients with CD using VMI 
at different energy levels to assign the optimal keV for the 
assessment of bowel wall enhancement. The second aim was 
to compare the mural enhancement between patients with 
and without CD using VMI.

Materials and methods

Study population

This retrospective study was approved by the instutional eth-
ics committee and the requirement for informed consent was 
waived. CTE scans that were obtained between June 2016 
and September 2017 in patients with known or suspected 
CD were reviewed.

Inclusion criteria were as follows: (a) adult patients 
(> 18 years old), (b) patients who underwent dual-energy 
CTE due to suspected CD, (c) patients who had clinical, 
laboratory, and histopathological data at the time of CTE 
including time interval 1 month after the scan.

All patients with imaging findings of CD that were iden-
tified on CTE underwent ileocolonoscopy. The electronic 
medical records of patients regarding findings of ileocolo-
noscopy, operation, histopathology, and laboratory were 
reviewed.

Dual‑energy CTE acquisition and image 
reconstruction

All CTE scans were acquired using a single-source 64-slice 
rapid kV-switching dual-energy CT scanner (Discovery 

CT750 HD; GE Healthcare, WI, USA). To achieve better 
bowel distention in patients who underwent CTE, a lactulose 
solution (Duphalac; Abbott Biologicals, The Netherlands) 
was used. All patients were asked to drink 1500 mL of this 
solution diluted with water during 1 h prior to CTE exami-
nation. A bolus of intravenous iodinated contrast agent was 
administered at a rate of 3 mL/s followed by saline solu-
tion. The datasets were obtained in the portal venous phase 
by applying 65-s delay following intravenous administra-
tion of contrast agent with the bolus tracking method. CTE 
scans were acquired with spectral imaging mode, with fast 
tube voltage switching between 80 and 140 kVp on adjacent 
views during each single rotation.

A tube current of 400 mA was used if the patient weight 
was less than 70 kg. Tube current was changed to 600 mA 
if the patient weight was more than 70 kg. Images were 
acquired using a 40 × 0.625 mm collimation, a 0.5-s rota-
tion time, and pitch/speed of 1.375:1/55. Images were 
reconstructed on axial and coronal planes. CTE studies were 
transferred through the picture archiving computer system 
(PACS) to a workstation (AW Server, GE Healthcare, WI, 
USA). Using the Gemstone Spectral Imaging (GSI) viewer 
application, scans were reconstructed at VMI energy levels 
including 40 keV, 50 keV, 60 keV, 70 keV, 80 keV, 90 keV, 
100 keV, and 110 keV (Fig. 1).

Quantitative image analysis

For patients with CD, abnormal or diseased bowel wall was 
radiologically identified when hyperenhancement of the 
bowel mucosa or bowel wall thickening were demonstrated 
[4, 12]. Qualitatively, mural hyperenhancement was deter-
mined by visual assessment of segmental hyperenhancement 
of the bowel wall comparing with the adjacent bowel loop 
with similar degree of distension. Quantitatively, hyperen-
hancement was evaluated using a diseased to non-diseased 
bowel loop enhancement ratio of more than 1.3 [4]. Two 
separate circular regions of interest (ROI) (area, 0.5 cm2) 
were placed within the diseased intestinal wall. A third ROI 
(area, 0.5 cm2) was placed within the gluteal muscle groups 
(Fig. 2). The ROI was placed away from tissue planes, intra-
muscular fat or calcifications as much as possible. A mean 
bowel attenuation was calculated from the AV that were 
obtained using two separate ROIs within the bowel wall. The 
standard deviation of the mean AV in the ROI represented 
the noise. The signal-to-noise ratio (SNR) and contrast-to-
noise ratio (CNR) were calculated for each dataset at each 
VMI from 40 to 110 keV. SNR was measured by dividing 
the mean AV of the diseased intestinal wall by the mean 
background noise. CNR was defined as the HU difference 
between the mean AV of the diseased bowel wall and gluteal 
muscle divided by the mean noise of the muscle.
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Similarly, ROIs were placed within the non-diseased 
bowel walls of patients with CD to assess bowel wall attenu-
ation. SNR and CNR were calculated accordingly at each 
keV. In addition, for patients without CD, AV, SNR and 
CNR were obtained from bowel walls at VMI energy levels 
from 40 to 110 keV using the same approach.

Qualitative image analysis

Two radiologists, who were blinded to clinical data, per-
formed qualitative image analysis of VMI at 40 keV, 70 keV, 
and 110  keV. Subjective analysis parameters included 
image quality, mural enhancement and subjective noise. 

Fig. 1   Dual-energy CT enterography reconstructed at the following virtual monoenergetic levels: a 40 keV, b 50 keV, c 60 keV, d 70 keV, e 
80 keV, f 90 keV, g 100 keV, h 110 keV in a patient with Crohn’s disease. Arrows indicate the affected bowel walls
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Image quality was scored out of 5 where 1 = nondiagnos-
tic, 2 = reduced image quality but interpretable, 3 = mod-
erate image quality, 4 = good image quality, and 5 = excel-
lent image quality. Mural enhancement was graded out 
of 5 where 1 = nondiagnostic, 2 = poor contrast, 3 = good 
contrast, 4 = very good contrast, and 5 = excellent contrast. 
Subjective noise was classified out of 5 where 1 = nondi-
agnostic, 2 = significant noise affecting diagnosis, 3 = noisy 
but diagnostic, 4 = minimal noise, and 5 = absence of noise.

Statistical analysis

AV, SNR, and CNR at different energy levels for diseased 
and non-diseased bowel walls in CD patients were compared 
using paired samples test. Receiver-operating characteris-
tic (ROC) analysis was used to compare patients with and 
without CD in terms of AV, SNR, and CNR across different 
energy levels from 40 to 110 keV. Friedman test and Dunn’s 
test were used in the evaluation of qualitative image analysis. 
A p value of < 0.05 was considered to be statistically signifi-
cant. All statistical analyses were assessed using IBM SPSS 
Statistics 23.0 (IBM Corp., Armonk, NY, USA).

Results

Of the 68 adult patients who were identified, 5 who did not 
have available clinical or pathological data and 2 who had 
an alternative diagnosis other than CD were excluded. The 
study included a total of 61 patients with and without CD. 47 
patients (24 men and 23 women; median age 46 years, range 
22–75 years) were diagnosed as having active CD on CTE 
and the affected bowel walls seen on CT were confirmed 
by ileocolonoscopy. Of 47 patients with CD, 11 underwent 
surgery. The remaining 14 patients (7 men and 7 women; 
median age 35.5 years, range 24–79 years) who underwent 

CTE due to suspected CD, had a negative diagnosis of CD 
with no specific finding of bowel disease.

Quantitative image analysis

The difference between affected and non-affected bowel 
walls of patients with CD at each reconstructed VMI for 
AV, SNR, and CNR are presented in Table 1. AV, SNR, and 
CNR were detected to be higher in diseased bowel walls than 
non-diseased bowel walls (Fig. 3). The difference between 
the abnormal and normal intestinal walls of CD patients in 
terms of attenuation, SNR, and CNR were statistically sig-
nificant at each energy level of VMI (p < 0.001).

AV, SNR, and CNR of the diseased bowel walls of CD 
patients were compared with those that were obtained from 
the bowel walls of patients without CD. The area under 
ROC curve (AUC) across VMI from 40 to 110 keV for the 
evaluation of AV, SNR, and CNR are detailed in Table 2. 
In the assessment of patients with and without CD, 40 keV 
[(AUC): 0.913; 95% confidence interval (CI) 0.843–0.984)] 
provided the best AV. Optimal SNR and CNR values were 
observed at 40 keV (AUC: 0.807; 95% CI 0.679–0.935), 
and 70 keV (AUC: 0.906; 95% CI 0.82–0.987), respectively.

Qualitative image analysis

The subjective evaluation of image quality, mural enhance-
ment, and noise is detailed in Table 3. Highest subjective 
scores for the assessment of image quality were observed at 
70 keV. There were significant differences of image quality 
between the comparison of 40–110 keV and 70–110 keV 
(p = 0.006 and p < 0.001, respectively). Comparisons 
between 40 keV and both 70 keV and 110 keV in terms of 
mural enhancement were statistically significantly different 
(p < 0.001). Subjective noise significantly differed when both 
40–70 keV and 40–110 keV were compared (p < 0.001).

Fig. 2   Measurement of attenua-
tion from bowel wall and gluteal 
muscle. Two circular regions 
of interest (ROI) (area 0.5 cm2) 
were placed within the diseased 
intestinal walls and the mean 
was obtained (one ROI placed 
within the diseased bowel wall 
is not shown in the figure). 
Another ROI (area, 0.5 cm2) 
was placed within the gluteal 
muscle
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Discussion

The rapid kV-switching dual-energy CT scanner that was 
used in our study has a single X-ray source that switches the 
voltage settings during a single gantry rotation. This config-
uration provides full field-of-view imaging. The dual-source 
dual-energy CT scanner uses two X-ray sources that oper-
ate at different tube potentials. This CT system enables to 
reduce the risk of spatial and temporal misregistration. One 
of the tubes that is located closer to the patient has a slightly 
smaller field-of-view, which might be a limitation of this 
system. The dual-layer or spectral detector dual-energy CT 
scanner grants spectral separation of the X-ray beam at the 
detector level. This arrangement allows for full field-of-view 
imaging and co-registration of the low- and high-energy 
data. The sequential acquisition dual-energy CT scanners 
changes kVp after each revolution of the CT gantry. The 
major limitation of this system is the overall long acquisi-
tion times. The split filter dual-energy CT scanner uses a 
single X-ray source and filters that block high and low keV 
photons, creating two different photon energy spectra in the 
z-axis. This CT system enables full field-of-view imaging; 
however, it usually requires a slow table speed and provides 
less robust spectral separation than other configurations [17, 
21].

Our study demonstrated that there were substantial dif-
ferences between the affected bowel walls and non-affected 
bowel walls in patients with CD at each energy level of 
VMI with regard to AV, SNR, and CNR. Dual-energy CT 
would be assumed to improve the conspicuity of distinc-
tions in bowel wall attenuation with iodine quantification 
postprocessing techniques [22]. De Kock et al. reported 
that iodine quantification on dual-energy CTE can be used 
in distinguishing normal bowel from active inflammatory 
CD [23]. In another study, iodine concentration measured 
on spectral-detector-based dual-energy CTE found to be 
a convenient biomarker to monitor disease activity in CD 

[24]. However, there is relatively limited literature on the 
use of VMI for the evaluation of diseased bowel segments 
in patients with CD. Our study shows that VMI at different 
energy levels provide the advantage of differentiating abnor-
mal bowel from normal bowel in CD patients.

In our study, the ideal CNR for detecting the enhance-
ment of intestinal walls of patients with and without CD 
were obtained at 70 keV VMI. Previous studies suggested 
that the optimal iodine CNR is achieved at 60–70 keV, 
using either single-source or dual-source CT systems [17, 
18, 20]. In a study that evaluated bowel wall enhancement 
in acute small bowel obstruction, dual-source dual-energy 
CT with 70 keV maximized the CNR of mural enhance-
ment [25]. However, Lee et al. reported that 40 keV VMI on 
dual-layer dual-energy CT system yielded the best CNR for 
both affected intestinal walls of patients with CD and normal 
bowel walls of patients without CD [26]. They explained that 
the enhanced contrast at 40 keV might have replaced the 
increased noise that occurs in low keV images. It was sug-
gested that the projection-based algorithm which was used 
by the spectral detector CT might have effectively reduced 
the noise at low keV VMI [26]. Future studies that will be 
comparing the different types of dual-energy CT systems 
will provide information to validate the results in the evalu-
ation of mural enhancement.

VMI at 40 keV provided the best AV for bowel wall 
despite the increased noise in our study. Additionally, 
for the subjective analysis for image quality and mural 
enhancement, VMI at 40 keV and 70 keV were helpful 
to radiologists in the evaluation of patients with CD. In 
our study, VMI at a high-energy level like 110 keV did 
not make a significant difference for the assessment of 
bowel walls of CD patients. It might be attributed to the 
progressively increased noise at a rate that is inversely 
proportional to the energy separation between the low- and 
high-energy spectra [18, 20, 27]. This is also observed at 
VMI at energy levels lower than 60 keV; however, VMI at 

Table 1   The differences of 
AV, SNR, and CNR between 
diseased and non-diseased 
bowel walls of patients with 
Crohn’s disease at each energy 
level of virtual monochromatic 
images

AV attenuation values, SNR signal-to-noise ratio, CNR contrast-to-noise ratio, SD standard deviation, CI 
confidence interval

AV SNR CNR p

Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI

Lower Upper Lower Upper Lower Upper

40 keV 73.5 49.8 58.9 88.1 0.9 0.9 0.6 1.1 0.9 0.6 0.7 1.1 < 0.001
50 keV 51.9 30.4 43 60.8 0.9 0.9 0.6 1.1 0.9 0.6 0.7 1.1 < 0.001
60 keV 37.1 19.3 31.4 42.8 1 1 0.7 1.3 1 0.6 0.8 1.1 < 0.001
70 keV 28.2 11.9 24.8 31.8 0.9 1 0.7 1.2 1 0.5 0.8 1.2 < 0.001
80 keV 23.8 9.4 21.1 26.5 0.7 0.7 0.5 0.9 0.8 0.4 0.7 0.9 < 0.001
90 keV 21.1 8.2 18.7 23.5 0.8 0.8 0.5 1 0.8 0.4 0.7 0.9 < 0.001
100 keV 18.5 8.2 16.2 20.9 0.7 0.8 0.5 1 0.8 0.5 0.6 0.9 < 0.001
110 keV 16.8 8.6 14.3 19.3 0.7 0.8 0.5 1 0.7 0.5 0.6 0.9 < 0.001
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Fig. 3   AV (a), SNR (b), and 
CNR (c) of diseased and non-
diseased bowel walls of patients 
with Crohn’s disease across the 
range of virtual monoenergetic 
energy levels (40–110 keV) 
reconstructed from dual-energy 
CT enterography
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lower energy levels might contribute more effectively to 
the diagnosis of mural enhancement compared to VMI at 
higher energy levels.

There are several drawbacks in our study. First, the num-
ber of patients was comparatively small. Thus, studies with 
larger sample size using different dual-energy CT scanners 
are required to confirm the results. Second, placing ROIs 
within the thin bowel walls was challenging but efforts were 
made to accurately place uniform ROI for calculation. Two 
radiologists performed qualitative image analysis unani-
mously and the lack of interreader correlation was another 
limitation. Creation of post-processed images requires addi-
tional work and time, and this may seem as a limitation in 
busy clinical practice. However, VMI at 40 keV and 70 keV 
may be helpful in the evaluation of mural enhancement on 
CTE in CD patients without requiring additional radiation 
dose or contrast media.

In conclusion, VMI of dual-energy CTE are helpful in 
distinguishing diseased bowel walls from non-diseased 
bowel walls of patients with CD by assessing mural enhance-
ment quantitatively. For the evaluation of patients with and 
without CD, the optimal AV and CNR of bowel walls are 
obtained using VMI at 40 keV and 70 keV, respectively.
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