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Abstract

Purpose: The aim of this study was to evaluate the
impact of a noise-optimized virtual monoenergetic
imaging (VMI+) reconstruction technique on quantita-
tive and qualitative image analysis in patients with
gastrointestinal stromal tumors (GISTs) at dual-energy
computed tomography (DECT) of the abdomen.
Methods: Forty-five DECT datasets of 21 patients (14
men; 63.7 ± 9.2 years) with GISTs were reconstructed
with the standard linearly blended (M_0.6) and VMI+
and traditional virtual monoenergetic (VMI) algorithm
in 10-keV increments from 40 to 100 keV. Attenuation
measurements were performed in GIST lesions and
abdominal metastases to calculate objective signal-to-
noise (SNR) and contrast-to-noise ratios (CNR). Five-
point scales were used to evaluate overall image quality,
lesion delineation, image sharpness, and image noise.
Results: Quantitative image parameters peaked at 40-keV
VMI+ series (SNR 27.8 ± 13.0; CNR 26.3 ± 12.7),
significantly superior to linearly blended (SNR 16.8 ±

7.3; CNR 13.6 ± 6.9) and all VMI series (all P < 0.001).
Qualitative image parameters were highest for 60-keV
VMI+ reconstructions regarding overall image quality
and image sharpness (median 5, respectively; P £ 0.023).
Qualitative assessment of lesion delineation peaked in 40
and 50-keV VMI+ series (median 5, respectively). Image
noise was superior in 90 and 100-keV VMI and VMI+
reconstructions (all medians 5).

Conclusions: Low-keV VMI+ reconstructions signifi-
cantly increase SNR and CNR of GISTs and improve
quantitative and qualitative image quality of abdominal
DECT datasets compared to traditional VMI and stan-
dard linearly blended image series.

Key words: Dual-energy CT—Virtual monoenergetic
imaging—Gastrointestinal stromal tumor—Image
quality—Oncology

Gastrointestinal stromal tumors (GISTs) constitute the
most common mesenchymal tumors that typically arise
from the wall of the gastrointestinal (GI) tract. Most
GISTs (70–80%) are benign; however, there is a contin-
uum of variable malignant potential, ranging from small
lesions with benign characteristics to malignant sarcomas
[1, 2]. About 50% of the patients with malignant GISTs
present with metastatic disease at the time of diagnosis
[3]. The most frequent location of primary GISTs is the
stomach, followed by the small intestine, colon, and
rectum, whereas the liver constitutes the predominant
location of GIST metastases, followed by the peritoneum
[3–5]. Contrast-enhanced CT of the abdomen and pelvis
remains the standard imaging method for staging and
follow-up of patients with GISTs. During treatment,
GIST lesions and metastases may show a decreasing
tumor density or hypovascularization in the case of
therapeutic success [6]. Moreover, measuring the tumor
size and density on contrast-enhanced CT in GIST pa-
tients provides a reproducible and precise method forCorrespondence to: Julian L. Wichmann; email: docwichmann@

gmail.com
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evaluating tumor response and has been adopted into
clinical practice, in the form of the Choi criteria [7].

Dual-energy CT (DECT) offers several post-process-
ing techniques facilitating an optimized evaluation of
GIST patients, e.g., the calculation of virtually non-en-
hanced images used to reduce the radiation dose and the
calculation of iodine maps as a visual support to identify
enhancing lesions [8, 9]. Moreover, reconstruction of
virtual monoenergetic images (VMI) is a promising
technique that enables an improved iodine signal at low-
keV levels which may improve lesion delineation due to
increased contrast [10, 11]. In the recent past, a noise-
optimized virtual monoenergetic reconstruction algo-
rithm (VMI+) has been developed to reduce image noise
at low-keV levels while maintaining an increased contrast
enhancement similar to its predecessor. The VMI+
algorithm performs a regional spatial frequency-based
recombination of high attenuation at lower energy levels
and reduced image noise at higher energies to obtain the
best possible image contrast [12]. This reconstruction
technique has shown favorable results in prior studies
evaluating vascular and oncologic imaging [12–17].
However, noise-optimized VMI+ has not been applied
to assess image quality in staging and follow-up of
GISTs so far.

Materials and methods

Patient population

This retrospective study was approved by the ethics
committee of our university hospital, and the require-
ment for written informed consent was waived. The
study group consisted of 21 patients treated for histo-
logically proven GIST. All patients had undergone clin-
ically indicated staging or follow-up DECT examinations
between August 2014 and June 2016.

General exclusion criteria for DECT imaging were
known allergies to iodinated contrast material, preg-
nancy, age younger than 18 years, and impaired renal
function (glomerular filtration rate <45 ml/min).
Moreover, DECT examinations with severe motion
artifacts, contrast material extravasation, and examina-
tions with deviations from the standard contrast media
injection protocol were excluded.

DECT image acquisition

All CT examinations of the abdomen were performed on
a third-generation dual-source DECT scanner (SO-
MATOM Force, Siemens Healthcare, Erlangen, Ger-
many). Image acquisition during the portal-venous phase
started automatically 60 s after contrast material injec-
tion in craniocaudal direction and inspiratory breath-
hold. A non-ionic contrast agent (Imeron 400, Bracco,
Milan, Italy) at a dose of 1.2 ml per kilogram body
weight was injected at a flow rate of 3 ml/s through a

peripheral vein of the forearm. Settings for the DECT
mode were as follows: tube A 90 kV, reference current–
time product of 95 mAs per rotation; tube B Sn150 kV
with tin filter, 59 mAs per rotation. Rotation time was
0.25 s, pitch was set to 0.7 and collimation to
2 9 192 9 0.6 mm. Scans were acquired using attenua-
tion-based tube current modulation (CARE Dose 4D,
Siemens). The volume CT dose index (CTDIvol) and the
dose length product (DLP) of each patient were recorded
for an estimation of the DECT radiation dose.

DECT image reconstruction

DECT raw data were post-processed on a 3D multi-
modality workstation (syngo.via, version VA30A, Sie-
mens) using a soft tissue convolution kernel (Qr40, Sie-
mens) and iterative reconstruction technique (ADMIRE,
Siemens; strength level, 3). Standard image series with
linear blending technique (M_0.6) were automated and
reconstructed by merging 60% of the low with 40% of the
high-kV data to emulate routine single-energy 120-kV
acquisition [13, 15, 18]. The traditional VMI and noise-
optimized VMI+ series were reconstructed at
40–100 keV levels in 10-keV intervals. Calculation of
each monoenergetic image series at a specific energy level
requires approximately 1 min of manual input to
reconstruct and transfer images to the picture archiving
and communication system. In accordance with prior
studies, images at higher energy levels beyond 100 keV
were not calculated, as the iodine attenuation can be
expected to be too low [19]. All series were reconstructed
as axial and coronal slices, with a thickness and incre-
ment of 1.5 mm, respectively.

Quantitative image analysis

For the evaluation of quantitative image quality, image
series were reviewed by a radiologist with 3 years of
experience in CT, who did not take part in the subse-
quent image interpretation. Signal attenuation in mean
HU and image noise, defined as the standard deviation
(SD) of fat, were measured in GIST lesions and metas-
tases as well as in the tumor feeding artery to evaluate
tumor vascularization. The corresponding tumor feeding
arteries were as follows: the celiac artery, the superior
mesenteric artery, the gastric arteries, the inferior
mesenteric artery, and the internal iliac arteries. In case
of liver or peritoneal metastases, measurements were
implemented in the hepatic artery and superior mesen-
teric artery, respectively. Measurements were performed
by placing a circular region-of-interest centrally in the
tumor lesion (100 mm2). Focal areas of tumor necrosis
were avoided. Additional measurements were performed
within the psoas muscle (250 mm2) and subcutaneous fat
at the lower back (250 mm2) to assess image contrast and
background noise. Measurements were performed three
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times and averaged to ensure data consistency and keep
measuring inaccuracies as low as possible.

For calculating signal-to-noise ratio (SNR) and con-
trast-to-noise ratio (CNR) values, the following formulas
were used according to previous studies [15, 20, 21]:

SNR =
HU ðlesionÞ
SD (fat)

CNR ¼ HU lesionð Þ �HU ðmuscleÞ
SD ðfatÞ :

Qualitative image analysis

Three radiologists with 3–6 years of experience indepen-
dently assessed all DECT images and were blinded to the
DECT image reconstruction technique. Furthermore,
readers were allowed to freely modify the preset window
settings (width, 400 HU; level, 100 HU) as low-keVVMI+
reconstructions may require different width and level set-
tings to improve the visualizationand contrast conditions in
abdominal DECT [22]. The order of the different image
serieswas randomized and only a single image series of each
patientwas evaluated at each reading session. In addition, a
time interval of two weeks was kept between each read-out
to prevent potential recall bias. Observers were aware that
all patients received treatment for biopsy-proven GIST.
Image serieswere ratedusing5-pointLikert scalesunder the
following aspects [14]: Overall image quality (ranging from
1 = poor image quality with substantial image noise to
5 = excellent image quality with no perceivable noise), le-
sion delineation (ranging from1 = novisual delineation to
5 = perfect delineation of contours), image sharpness
(ranging from 1 = distinct blurring to 5 = no apparent
blurring), and image noise (ranging from 1 = extensive
image noise to 5 = absence of noise).

Statistical evaluation

Analyses were performed using dedicated statistical
software (MedCalc Statistical Software Version 16.8,
MedCalc Software bvba, Ostend, Belgium). Continuous
variables were expressed as mean ± SD. Ordinal vari-
ables were reported as median with ranges. A
P value < 0.05 was considered to indicate a statistically
significant difference. The Kolmogorov–Smirnov test
was applied to test for normality of data distribution.
Data showing a continuous normal distribution were
analyzed using the analysis of variance test. Multiple
comparisons were accounted by Bonferroni correction.
In the case of non-normal distribution, comparisons
were performed using the Wilcoxon matched pairs test.

Interobserver agreement among reviewers was eval-
uated using intraclass correlation coefficient (ICC)
statistics and interpreted in the following way: ICC
< 0.20 = slight agreement, ICC 0.21–0.40 = fair

agreement, ICC 0.41–0.60 = moderate agreement, ICC
0.61–0.80 = substantial agreement, ICC 0.81–1.0 = al-
most perfect agreement [23].

Results

Study population

In this study, 45 consecutiveDECTexaminations (13 initial
staging examinations and 32 follow-up examinations) of 21
patients with GISTs (mean age 63.4 ± 9.2 years; range
35–81 years) were analyzed, including 12 men
(65.2 ± 7.9 years; range 41–81 years) and 9 women
(61.0 ± 10.2 years; range 35–77 years). The patients’ mean
body mass index was 26.0 ± 3.3 kg/m2, ranging from 20.7
to 35.9 kg/m2. Mean cumulative CT dose index (CTDIvol)
of all examinations was 9.3 ± 4.4 mGy. Average cumula-
tive DLP was 341.3 ± 249.5 mGy cm.

In 45 DECT examinations, a total of 76 GIST lesions
and metastases were found (mean number of lesions per
patient, 1.7; range 1–5). The primary tumor locations
were the small bowel (n = 24), stomach (n = 15), rec-
tum (n = 3), and the colon (n = 3). Metastases were
seen in 27 examinations. The liver was involved in iso-
lation in 18 examinations, while peritoneal metastases
were present in 7. In 2 examinations, disease at both
sites was observed. One patient showed multiple liver
and peritoneal lesions with a total number of 4 metas-
tases.

Quantitative image analysis

For quantitative image analysis, all 76 visible GIST lesions
and metastases were evaluated. The 40-keV VMI and
VMI+ image series showed the highest mean attenuation
in GIST lesions and metastases (371.8 ± 162.6 HU and
384.4.4 ± 153.4 HU, respectively; P = 0.140), whereas
corresponding image noise at 40-keV VMI+
(88.1 ± 58.4 HU) was significantly lower compared to the
40-keV VMI datasets (181.6 ± 13.3 HU; P < 0.001).
Mean attenuation and image noise for the standardM_0.6
image series was 238.9 ± 87.5 and 58.6 ± 33.4 HU,
respectively. The lowest noise was found for VMI and
VMI+ reconstructions at 100 keV (28.9 ± 11.8 and
18.5 ± 11.2 HU, respectively).

The calculated SNR and CNR in GIST lesions and
metastases values were superior in the 40-keV VMI+ series
(SNR 11.0 ± 4.7; CNR 9.0 ± 4.1) and were significantly
higher compared to standard linearly blended M_0.6 series
(SNR 7.5 ± 2.8; CNR 5.5 ± 2.7) and all other monoener-
getic image reconstructions (P < 0.001). In the traditional
VMI series, highest SNR and CNR values were found at
70-keV (SNR8.9 ± 3.0; CNR5.5 ± 2.8)with no significant
differences in comparison with M_0.6 image series (P ‡
0.092) but significantly lower thanVMI+reconstructions at
40–70 keV (P £ 0.004). Results of quantitative image qual-
ity assessment are summarized in Table 1 and Fig. 1.
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Qualitative image analysis

Ratings for overall subjective image quality were highest
for 60-keV VMI+ reconstructions (median 5; P £ 0.008)
with substantial interrater agreement [ICC 0.70; 95%
confidence intervals (CI) 0.49–0.86]. Images recon-
structed with the traditional VMI algorithm revealed
highest overall subjective image quality ratings at 70-keV
with substantial interrater agreement (median 4; ICC
0.61; 95% CI 0.35–0.79). VMI+ images with energy le-
vels ranging from 50 to 70-keV and VMI images at
70 keV received superior overall image quality ratings
compared to linearly blended M_0.6 images (median 3;
P £ 0.015).

Subjective evaluation of lesion delineation peaked at
40 and 50-keV VMI+ (both medians 4) with almost
perfect interrater agreement in both series (ICC 0.82;
95% CI 0.60–0.95; and ICC 0.84; 95% CI 0.63–0.97;
respectively). Both series were significantly higher com-
pared to M_0.6 (median 3; ICC 0.68; 95% CI 0.44–0.80)

and all traditional VMI series (P £ 0.001), which showed
the highest ratings for 70, 80, 90, and 100-keV recon-
structions (all medians 3; overall ICC 0.70; 95% CI
0.40–0.81).

Qualitative evaluation image sharpness resulted in the
best rating for the 60-keV VMI+ series (median 5) with
substantial interrater agreement (ICC 0.63; 95% CI
0.42–0.79) and significant difference in comparison with
all other series (P £ 0.023). Analyses of the traditional
VMI series showed highest rating scores at 90 keV (me-
dian 4; ICC 0.61; 95% CI 0.41–0.82) regarding subjective
image sharpness.

For subjective evaluation of image noise, VMI series
reconstructed with 40-keV received the lowest rating
scores (median 1; ICC 0.72; 95% CI 0.41–0.84), indicat-
ing the highest noise levels. In comparison, 40-keV
VMI+ images showed substantially higher ratings (me-
dian 3; ICC 0.56; 95% CI 0.33–0.71) indicating a lower
image noise level. No significant differences were found
between 40-keV VMI+ and M_0.6 images (median 3;
P = 0.180) regarding image noise. In accordance with
the quantitative imaging analysis, image noise ratings
subsequently increased from 40 to 100 keV in both VMI
and VMI+ reconstructions. Assessment of image noise
showed no significant differences in the 90 and 100-keV
VMI and VMI+ series (P ‡ 0.131).

Results of the subjective image analysis are summa-
rized in Table 2. Examples of the best image series of
each reconstruction technique are shown in Figs. 2 and
3. The global ICC score for all three observers was 0.76
(95% CI 0.51–0.88) indicative of a substantial agreement.

Discussion

In this study, we evaluated the impact of monoenergetic
reconstructions at various energy levels on quantitative
and qualitative image analysis in patients with GISTs at
abdominal DECT. In comparison with standard linearly
blended and traditional VMI series, we found that
VMI+ reconstructions at 40 keV resulted in a higher
tumor attenuation and calculated CNR. Furthermore,
VMI+ reconstructions at 40 and 50-keV were subjec-
tively found most suitable for lesion delineation, whereas
60-keV VMI+ series received higher ratings regarding
overall image quality. Therefore, our data indicate that
VMI+ reconstructions should be preferred over tradi-
tional VMI and standard linearly blended M_0.6 series
for evaluation of GIST lesions and metastases and
should be routinely reconstructed when performing
DECT of the abdomen.

As DECT generates two CT datasets acquired with
different X-ray beam energies, various post-processing
algorithms are available to improve image quality. Lin-
early blended image series are automatically created with
usually 60% of the low-keV spectrum and 40% of the
high-keV spectrum to simulate standard 120 kV acqui-

Fig. 1. Box-and-whisker plots show average signal-to-noise
(SNR; A) and contrast-to-noise ratios (CNR; B) in GIST le-
sions and metastases compared between standard linearly
blended, traditional VMI, and the noise-optimized VMI+
reconstructions at various keV levels. Boxes represent the
interquartile range Q1 to Q3, horizontal lines within mark the
median values, and the whiskers represent minimal and
maximal values. VMI values are given in keV. SNR and CNR
were superior in the 40-keV VMI+ image series (SNR
11.0 ± 4.7; CNR 9.0 ± 4.1) and were significantly higher
compared to all VMI and standard M_0.6 series (P < 0.001).
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sition as per the vendor’s recommendations and
according to other studies [15, 18]. Previous studies have
shown that DECT does not increase the radiation dose in
abdominal CT examinations compared to single-energy
acquisition [24, 25]. Moreover, in this study, we focused
on the analysis of virtual monoenergetic reconstructions
of abdominal DECT datasets in patients with GISTs. In
a previous study, Sudarski et al. demonstrated that tra-
ditional VMI reconstructions at 70 keV provide an
equivalent objective and an improved subjective image
quality compared to polyenergetic images of hepatic
metastasis in GIST patients [11]. However, traditional
low-keV VMI reconstructions suffer from a high image
noise level. The noise-optimized VMI+ algorithm has
been designed specifically to overcome this limit and
enables a high image contrast without substantial noise
[12]. The effects of this new technique in patients with
GISTs have not been evaluated so far although visual-
ization of GIST lesions may benefit substantially from
improved image contrast.

In the quantitative image analysis, we found that
tumor attenuation of GIST lesions and metastases at
40 keV was significantly superior to all other virtual
monoenergetic reconstructions and linearly blended ser-
ies. In addition, we showed that traditional VMI series
showed the highest quantitative image parameters at
70 keV which is in accordance with prior studies [11, 26].
In comparison with the noise-optimized VMI+ algo-
rithm, traditional VMI series showed a higher noise level
at low-keV reconstruction resulting in lower image
quality parameters. These findings are in accordance
with previous studies as the VMI+ technique provides
increasing iodine CNR with decreasing keV levels and
with an optimum CNR obtained at 40 keV [12, 27].

However, the subjective image analysis in our study
revealed 60-keV VMI+ series as the image reconstruc-
tion of choice regarding subjective image quality and
image sharpness. This indicates that the strongest
attenuation of GISTs at 40 keV does not automatically
result in subjective preference for imaging of GISTs.
Based on our results, we would recommend using 60-keV
VMI+ in clinical practice rather than linearly blended
images or other monoenergetic energy levels in GIST
imaging. Reconstruction at 60 keV appears to be a rea-
sonable compromise regarding increased lesion CNR
and image noise. However, the optimal VMI+ keV
settings need to be re-evaluated in future studies, as well
as the impact of VMI+ on diagnostic accuracy.

The result of this study should be interpreted in the
context of the study design and consequent limitations.
First, we only compared VMI and VMI+ series with
linearly blended M_0.6 series as this is the standard lin-
ear blending setting on the used DECT system. Other
linear blending settings using weighting factors M_0.3
and M_0.5 were not investigated in this study. However,
differences in lesion attenuation between M_0.5 andT
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M_0.6 linearly blended images can be expected to be less
distinct, and these reconstructions have shown superior
results regarding image quality compared to M_0.3
reconstructions in previous studies [18, 28]. Second,
reviewers were aware that only patients with GIST were
included in this study. This might have influenced the
ratings especially regarding tumor delineation and lesion
enhancement due to a greater diagnostic confidence.
Furthermore, evidence of new metastases in GIST pa-
tients was solely based on evaluation of prior and follow-
up CT examinations. However, every patient had at least
one biopsy-proven GIST lesion. Finally, we did not

specifically investigate the impact of the VMI+ tech-
nique on diagnostic accuracy, although we assume that
an improved CNR may result in at least comparable
diagnostic accuracy.

In summary, our results demonstrate that the noise-
optimized VMI+ algorithm substantially improves
subjective and objective image quality of GISTs in
abdominal DECT examinations compared to traditional
VMI and standard linearly blended images. Based on
quantitative and qualitative image quality analysis, we
suggest using an energy level of 60 keV for image
reconstruction.

Fig. 2. DECT images of a 52-year-old female patient with
histologically proven GIST metastasis of the liver (arrow).
Images were reconstructed with the noise-optimized VMI+
algorithm at 40 keV (A), 50 keV (B), and 60 keV (C). The
VMI+ reconstructions show less image noise than the 40-keV

VMI series (D), resulting in superior SNR and CNR. Tradi-
tional VMI reconstructions showed best quantitative results at
70 keV (E). Standard linearly blended M_0.6 image is shown
for comparison (F). Window settings were as follows: width,
600 HU; level, 150 HU.
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