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Abstract
Background: Multidetector CT is the mainstay for radiologic evaluation of pancreatic pathology. Still, imaging of
focal pancreatic lesions using MDCT is faced by a number of challenges that are related to the limited contrast
between the lesion and surrounding parenchyma, such as detecting early-stage pancreatic cancer and subtle
features of cystic lesions that point to malignancy. Dual-layer CT is the first dual-energy CT machine based on
separation of high- and low-energy photons at the detector level. If improved contrast between the lesions and
normal pancreatic parenchyma could be achieved on CT images, we may expect enhanced CT detection of
pancreatic lesions. The purpose of this study was to evaluate whether virtual monoenergetic reconstructions
generated using contrast-enhanced dual-layer CT could improve detectability of hypoattenuating focal pancreatic
lesions compared to conventional polyenergetic reconstructions.
Results: Fifty-four lesions were identified and verified by histopathology or follow-up CT, MRCP, and/or EUS along
with clinical data. Across the virtual monoenergetic spectrum, 40 KeV images had the highest contrast-to-noise and
signal-to-noise ratios (p < 0.001, p < 0.001) and were significantly higher than conventional images (p < 0.001).
Subjective scores for lesion visibility at low kiloelectron volt monoenergetic (40 and 50 KeV) images greatly
exceeded conventional images (p < 0.001).
Conclusion: Low kiloelectron volt monoenergetic reconstructions of contrast-enhanced dual-layer CT significantly
improve detectability of hypoattenuating focal pancreatic lesions compared to conventional polyenergetic
reconstructions.
Keywords: Dual-energy computed tomography, Dual-layer computed tomography, Pancreatic lesions, Pancreas,
Pancreatic ductal adenocarcinoma
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Background
Multidetector computed tomography (MDCT) is the
mainstay for radiologic evaluation of pancreatic pathology [1]. Current pancreatic MDCT protocol comprises a multiphasic technique including non-contrast,
pancreatic parenchymal (PPP) and portal venous
(PVP) phases [2]. Pancreatic ductal adenocarcinoma is
the most common among pancreatic malignancies
(constituting 85–95%) and continues to be a leading
cause of cancer-deaths, carrying high mortality and
poor prognosis [3–5]. Pancreatic adenocarcinoma typically appears hypoattenuating relative to surrounding
pancreas parenchyma on MDCT and is best detected
on pancreatic-phase. Comprehensive assessment of
vascular invasion and distant metastases also necessitates portal venous phase imaging [6, 7].
Despite recent developments in MDCT technology
and optimization of acquisition time in multiphasic
imaging, still, pancreatic MDCT imaging is faced by a
number of challenging imaging scenarios, such as identifying small early-stage hypo/isoatttenuating pancreatic
adenocarcinoma and subtle enhancing components of
cystic lesions that point to malignancy [8, 9]. This results in either missed or equivocal lesions with subsequent recall of patients for additional imaging studies,
such as MRI, EUS, and PET/CT, which may increase
radiation exposure and patient’s anxiety as well as treatment cost [10–12].
Challenges facing CT diagnostics could be primarily
attributed to the limited contrast between the lesions
and surrounding pancreatic parenchyma on CT. Therefore, if the contrast between pancreatic lesions and
normal pancreatic parenchyma is improved on CT
images, we may expect improved CT detectability of
pancreatic lesions [8, 9].
Over the past several years, efforts have been directed
to utilizing dual-energy CT (DECT) as an optimal advance of CT technology to improve pancreatic tumor
detectability [13–16]. DECT uses two different x-ray
energy peaks to acquire images. Since DECT exploits
varying x-ray attenuation properties of different materials and tissues at different energies; therefore, tissues
having similar densities but different elemental compositions can be differentiated [17].
DECT scanners have been marketed with different
technologies, based mainly on modifications of the X-ray
tube output (e.g., two X-ray tubes with different peak
energies—dual-source CT—or single tube with rapid
switching between high- and low-energy levels—rapidKVp switching CT) [18, 19].
Dual-layer CT (DLCT), on the other hand, is the first
DECT machine based on the separation of high- and
low-energy photons at the detector level obtaining
both conventional images and retrospectively available
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spectral data with every scan without the need for prescan decision making, unlike tube-based DECT
scanners. This data can be used to generate a variety of
spectral image series, among which are virtual monoenergetic (VME) images [20].
VME images simulate datasets that would result if
images were acquired using a true single-energy x-ray
beam and can be calculated as linear combinations of
the two datasets (high- and low-energy data) [21]. This
is obtained across a wide range of energies (measured
in kiloelectron volts, keV), with a lower limit exceeding
iodine k-edge (33 keV) [22, 23]. Owing to the higher
attenuation of low-energy X-ray photons, low-energy
VME images result in greater soft-tissue contrast resolution and on administration of iodinated contrast
agent, in boosted visualization of tissues that have
taken up iodinated contrast compared to the surrounding tissues, due to increased photoelectric effect at energies in the proximity of the k-edge of iodine [24, 25].
The current study attempted to evaluate the detectability of hypoattenuating focal pancreatic lesions
using virtual monoenergetic reconstructions generated
from contrast-enhanced dual-layer CT in comparison
to conventional polyenergetic images.

Methods
Patient population

Forty-seven consecutive patients were retrospectively
identified using the radiologic information system and
were included in this study according to the following
inclusion criteria: (a) underwent a dual-layer CT of
the abdomen between July 2016 to February 2017,
comprising at least a portal venous phase, (b) had at
least one definite or suspected hypoattenuating pancreatic lesion mentioned in their radiology report, and
(c) had age above 18 years. The institutional review
board approved this study and written informed consent was waived due to the retrospective design of
the study. All the CT scans performed were clinically
indicated for various clinical scenarios. None of the
scans were performed solely for the purpose of this
study.
Image acquisition

All patients were imaged using dual-layer CT (IQon,
Philips Healthcare, Amsterdam, the Netherlands). The
patients were imaged supine, craniocaudally during
inspiration with breath hold. Intravenous iodinated
contrast medium (Accupaque-350®, GE-Healthcare)
was administered to all patients with a body-weight
adapted volume, power-injected at a mean rate of 3.5
ml/s followed by a 30-ml normal saline chaser. Every
patient was imaged following the appropriate scan
protocol based on the clinical request, for example,
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search for clinically suspected pancreatic cancer,
staging of known pancreatic cancer, metastatic workup for a known intra/extra-abdominal primary malignancy, i.e., not all the patients had undergone a dedicated
multiphasic pancreatic protocol. Portal venous phase was
the common phase acquired for all the patients. All portal
venous scans were initiated with a 50-s delay after reaching a threshold of 150 HU in the abdominal aorta (bolus
tracking). Tube current was automatically modulated
according to patient’s size. The following parameters were
applied: tube voltage 120 kVp, collimation 64 × 0.625 mm,
tube rotation time 0.5 s, pitch 0.671, and mean CTDI 10.5.
Image reconstruction and post-processing

Reconstruction of conventional polyenergetic images
and VME images (40–200 KeV) was performed using
a dedicated workstation (Intellispace Portal 9.0,
Philips Healthcare, The Netherlands) at 2-mm slice
thickness. Conventional images were reconstructed
using iterative reconstruction (iDose4, strength level
3, Philips Healthcare, the Netherlands), as performed
in clinical routine. VME images (40–200 KeV) were
reconstructed using a dedicated spectral reconstruction algorithm (Spectral B, strength level 3, Philips
Healthcare, the Netherlands). All further analyses
were done using the same dedicated workstation.
Only portal venous phase images were analyzed.
Analysis was performed by a radiologist with 7 years
of experience, blinded to all clinical data, radiologic
report, pathology, and final diagnosis.
Quantitative analysis

Circular regions of interest (ROIs) were placed in the
following regions: identified lesion, normal pancreatic
parenchyma, and retroperitoneal fat. ROIs were placed
in conventional images at first and then copied to
VME images (40 KeV to 200 KeV with 10 KeV intervals). When more than one lesion was identified, a
ROI was drawn for every lesion. Also in case of complex cystic lesions with identified solid component, a
ROI was placed on every component (solid and cystic)
and analyzed separately. The ROI’s size and location
were identical in all image sets, avoiding margins,
calcifications, vessels, and necrotic areas. Each ROI
was measured 3 times and the mean Hounsfield unit
value and standard deviation (SD) was recorded.
Contrast-to-noise ratio (CNR) for conventional images
and VME image sets (40–200 KeV, 10-KeV interval)
was calculated as difference between ROI value of
normal enhancing pancreas and pancreatic lesion and
divided by the SD of a homogenous portion of retroperitoneal fat as background noise. CNR = (ROI pancreas − ROI lesion)/SD fat. Signal-to-noise ratio (SNR)
is calculated as a ratio of the ROI value of the observed
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lesion to SD of homogenous portion of retroperitoneal
fat.
Qualitative analysis

Subjectively, conventional reconstructions and two selected low-level VME reconstructions (40 and 50 KeV)
were evaluated regarding lesion visibility using a 4-point
scale: 1, poorly visible, to 4, prominently visible. The
different types of image reconstructions were randomized in the research folders to prevent lesion recall, since
every lesion was evaluated 3 times in 3 image sets. Also
the reader was blinded to type of image reconstruction.
Optimizing window settings of different image sets for
optimal lesion visualization was allowed.
Lesion validation

Validation of the identified lesions was based on histopathologic confirmation whenever possible. Lesions that
warranted conservative management by follow-up were
verified by a combination of typical imaging features
seen on additional imaging studies that the patients had
undergone according to their management plan, including follow-up CT, MRCP, and/or EUS along with clinical
data.
Statistical analysis

All statistical analysis was performed using IBM SPSS
software package version 20.0. (Armonk, NY: IBM
Corp). Wilcoxon signed rank test was used to determine
the significance of differences in CNR in conventional
images compared to various KeV level VME images and
between different levels VME images. The recorded subjective image ranks were tested for statistical significance
using Wilcoxon test. The number and percent of each
rank in various image sets was also recorded. A p value
< 0.05 was considered statistically significant.

Results
The study included 47 patients, 29 males (62%) and 18
females (38%) with mean age 66 years (age range 34–
92 years). All had focal pancreatic lesions. Six patients
had more than one focal lesion. One patient had a
complex cystic lesion with a suspected solid component, which was analyzed as two separate lesions. A
total of 54 lesions were analyzed; pancreatic adenocarcinoma (n = 14), metastases (from renal cell carcinoma, malignant melanoma, ovarian, and colorectal cancer) (n = 4),
neuroendocrine tumors (n = 3), lymphoma (n = 2), chronic
mass-forming pancreatitis (n = 1), fibrosis (post-operative,
post-irradiation) (n = 2), focal fatty infiltration (n = 1),
mural nodule of cystic mucinous neoplasm (n = 1), mucinous cystic neoplasm (n = 1), pseudocyst (n = 6), and intraductal mucinous cystic neoplasm (n = 19).
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Sixteen of 54 lesions (≈ 30%) were discovered incidentally in patients who were referred for CT for clinical
indications unrelated to pancreatic disease.
Lesion validation was done either histopathologically
(n = 21 lesions) or using EUS/MRCP (n = 9), follow-up
CT (follow-up duration 2–6 months) (n = 26) combined
with clinical data (two of the lesions were verified with
more than one imaging modality). All pancreatic ductal
adenocarcinomas and neuroendocrine tumors (n = 19)
were verified by histopathology.

Quantitative analysis

In all 54 lesions, across the VME range, CNR and
SNR showed gradual decline with increasing KeV
level (Fig. 1). On 40 KeV images, which is the lowest
KeV level generated, CNR and SNR were highest
compared to all KeV levels (p < 0.001, p < 0.001)
(Fig. 1, Tables 1 and 2). In comparison to conventional images, CNR and SNR were significantly
higher on VME images at 40–80 KeV level (Tables 1
and 2).
Lower noise was seen at higher KeV level VME images
compared to lower levels. Image noise was significantly
highest at 40 KeV (p < 0.001) (Table 3). Despite that,
mean noise was significantly lower in all KeV levels

Fig. 1 CNR and SNR across the range of VME images (40–200 KeV)
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including 40 KeV in comparison to conventional images
(p < 0.001) (Table 3).
Qualitative analysis

Regarding subjective evaluation of lesion visibility, the
highest scores were observed on 40 KeV followed by
50 KeV reconstructions without a statistical significant
difference between them (4 (2–4) vs 4 (2–4), respectively, p = 0.317), where 83.3% and 81.5% of lesions
were considered prominently visible (score 4) on 40
KeV images and 50 KeV images, respectively, and both
were significantly higher when compared to conventional image set (3 (1–4), p < 0.001, p < 0.001) with
only 35.2% of the lesions rated 4 on conventional images (Figs. 2 and 3).

Discussion
DECT has already shown increased capabilities in
abdominal imaging over the last years [22, 26]. A
number of earlier studies have also found DECT to
be useful in the diagnostic evaluation of pancreatic
lesions. The majority of these studies were performed
using tube-based DECT systems [14, 15, 27, 28]. The
present study investigated virtual monoenergetic
images generated from a novel detector-based DECT
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Table 1 Quantitative analysis of image sets (conventional
images and VME images 40–120 KeV) according to CNR
pConventional

CNR
Conventional

p40 KeV
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Table 3 Quantitative analysis of image sets (conventional
polyenergetic images and VME images 40–120 KeV) according
to image noise
Noise (SD)

6.63 ± 4.92
*

Conventional

12.99 ± 4.72

pConventional

p40 KeV

40 KeV

18.47 ± 12.98

< 0.001

50 KeV

13.55 ± 9.41

< 0.001*

< 0.001*

40 KeV

10.47 ± 3.68

< 0.001*

60 KeV

10.36 ± 7.18

< 0.001*

< 0.001*

50 KeV

10.09 ± 3.49

< 0.001*

< 0.001*

70 KeV

8.24 ± 5.56

< 0.001*

< 0.001*

60 KeV

9.93 ± 3.39

< 0.001*

< 0.001*

*

80 KeV

7.17 ± 5.18

0.004*

< 0.001*

70 KeV

9.93 ± 3.27

< 0.001

< 0.001*

90 KeV

6.31 ± 4.63

0.051

< 0.001*

80 KeV

9.84 ± 3.28

< 0.001*

< 0.001*

*

100 KeV

5.76 ± 4.33

< 0.001*

< 0.001*

90 KeV

9.82 ± 3.28

< 0.001

< 0.001*

110 KeV

5.14 ± 3.68

< 0.001*

< 0.001*

100 KeV

9.78 ± 3.27

< 0.001*

< 0.001*

110 KeV

9.79 ± 3.24

*

< 0.001

< 0.001*

120 KeV

9.77 ± 3.27

< 0.001*

< 0.001*

120 KeV
p

Fr

5.07 ± 3.97

< 0.001*

< 0.001*

< 0.001*

p

Fr

* statistically significant

*

< 0.001

* statistically significant

(dual-layer CT), to determine whether these images
can offer improved detectability of hypoattenuating
focal pancreatic lesions over conventional images.
Improved CNR and SNR were found at low KeV
VME images over higher KeV and conventional images.
The highest values were achieved at 40 KeV, which is
the lowest KeV level generated. This is attributed to the
higher attenuation of tissues with iodinated contrast at
low KeV monoE images close to the iodine K edge (33
KeV). These findings were similar to findings reported
in other studies using tube-based dual-energy CT [15,
29, 30]. Bhosale et al. [14] demonstrated that CNR for
pancreatic ductal adenocarcinoma at low monochromatic energy images (50–70 KeV) generated by a rapidKVp switching dual-energy CT is significantly higher
compared to conventional polychromatic (120 KVp)
images. Lin et al. [31], who studied hypervascular pancreatic neuroendocrine tumors also using a rapid-KVp
Table 2 Quantitative analysis of image sets (conventional
images and VME images 40–120 KeV) according to SNR
pConventional

SNR

p40 KeV

Conventional

2.83 ± 3.21

40 KeV

11.28 ± 9.40

< 0.001*

50 KeV

7.76 ± 6.68

< 0.001*

< 0.001*

60 KeV

5.55 ± 4.93

< 0.001*

< 0.001*

70 KeV

4.15 ± 3.99

*

< 0.001

< 0.001*

80 KeV

3.28 ± 3.42

< 0.001*

< 0.001*

90 KeV

2.71 ± 3.17

0.284

< 0.001*

100 KeV

2.32 ± 3.0

< 0.001*

< 0.001*

*

110 KeV

2.04 ± 2.89

< 0.001

< 0.001*

120 KeV

1.89 ± 2.91

< 0.001*

< 0.001*

p

Fr

* statistically significant

*

< 0.001

switching dual-energy CT system, found that the best
monoenergetic level based on CNR of pancreatic
tumors is 45–60 KeV range. Results by Hardie et al.
[32] were also concordant with results reached in the
present study, where CNR of pancreatic masses was significantly greater for 55 KeV images obtained from a
dual-source CT system compared to routine data set.
An interesting aspect in this study is the lower image
noise observed at all KeV levels, even the lowest level
(40 KeV) VME images, compared to conventional images. This result contrasted with results of other study
groups [32, 33]. This discrepancy could be traced back
to the difference in dual-energy technologies used. Duallayer CT used in the present study, unlike other dualenergy technologies, allows reconstruction of VME
images from fully matched low- and high-energy data in
time and location at projection domain, permitting the
suppression of anti-correlated noise between the two
data sets [34]. Moreover, dual-layer CT allows the application of iterative reconstruction methods in spectral
reconstruction algorithms, which leads to a further
diminution in image noise [35]. Among the available
tube-based dual-energy CT systems, only the rapid-kVp
switching technology permits post-processing of raw
data in projection domain to obtain VME datasets, but
this is possible only after temporal and angular data
interpolation, a process which results in accumulation of
image noise from the high and low CT images of the independent scans [36, 37]. Other available tube-based
scanners generate VME datasets in the image domain
with significant increase of image noise at low-energy
VME levels [24].
The results of subjective analysis were a clear reflection to the quantitative measurements, where subjective
lesion visibility on lowest KeV VME images (40, 50 KeV)
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Fig. 2 Qualitative analysis of image sets (40 KeV, 50 KeV, and conventional) according to lesion visibility

significantly surpassed that of conventional images,
mostly as a result of significant increase in lesion to
parenchyma contrast coupled with low noise on these
image sets.
In the current study, lesion verification was done by
pathology for all lesions that warranted biopsy or surgical resection such as pancreatic adenocarcinomas or
neuroendocrine tumors. Pathologically unverified lesions
were those lesions indicated for conservative management and imaging follow-up, such as incidental < 2 cm
IPMNs followed by CT, pancreatic metastases/lymphoma with widespread malignancy followed by CT after
chemo/radiotherapy, post-operative fibrosis showing
regression on close follow-up CT, and pseudocysts in
patients with history of recent pancreatitis. This followup CT verified the presence of these lesions and
supported their diagnosis. Knowing that the prime focus
of this study was to evaluate detectability of the lesions
by DLCT VME images, study of pathologies by VME
images was out of the scope of this study.
Despite that the entire analysis was done in the portal
venous phase, the current study revealed that low-energy
VME images (40, 50 KeV) generated from a single venous
phase scan of dual-layer CT were by far superior to venous
phase conventional CT images. Low KeV VME images may
offer advantages in detecting small lesions or lesions having
minimal contrast to the adjacent pancreatic tissue. Accordingly, in certain selected cases with incidentally detected
pancreas lesions, it might be possible to disregard additional

dedicated pancreatic imaging protocols—with subsequent
reduction of radiation exposure, if lesion visibility was high
enough using low VME images of the first routine scan
acquired in portal phase; however, this has to be further
validated in future research.
This study had some limitations. First, patient selection for the study might form a limitation as it depended
on CT reports that mentioned hypoattenuating pancreatic lesions, so that only patients were included with
pancreatic lesions that were already suspected or
detected on conventional images. Thus, results might
not represent some very low-contrast or extremely
small-size lesions. In the future, routine assessment of
low KeV reconstructions for every scan may be useful
for validating the value of VME imaging for such lesions.
Second, the current study results reflected a primary
single-center experience with a small number of patients
that presented with a diversity of pancreatic pathologies.
These results should be further validated in future
larger-scale studies with more homogenous cohorts of
lesions. Last is several lesions were not pathologically
verified; those were ones not indicated for biopsy or
surgical resection based on the patient’s management
plan.

Conclusion
In conclusion, based on the qualitative analysis of this
study and substantiated by quantitative measurements,
dual-layer CT is considered a superior imaging choice
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Fig. 3 Examples of conventional images (left column), 40 KeV VME images (middle column) and 50 KeV VME images (right column). Arrows
demonstrate boosted visibility of pancreatic lesions in 40 and 50 KeV VME images, showing more distinct boundaries and internal details (a–c
hypovascular neuroendocrine tumor in the pancreatic head; d, e hypovascular neuroendocrine tumor in the pancreatic tail; g–i pancreatic ductal
adenocarcinoma in the pancreatic body; j–l uncinate process pancreatic adenocarcinoma showing internal necrosis and fully encased
gastroduodenal artery; m, n known metastasis from ovarian cancer with focal necrotic)

over conventional CT for detecting hypoattenuating
pancreatic lesions. Adding low KeV (40 and 50 KeV)
VME reconstructions to the routine clinical pancreatic
imaging—where possible—can boost detection of
hypoattenuating focal pancreatic lesions including
pancreatic adenocarcinoma, thus potentially improving
prognosis of this fatal disease. Moreover, improved

lesion detectability by DLCT could potentially restrict
the need for additional imaging studies, thus reducing
costs and radiation exposure.
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