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Abstract

Purpose Pancreatic injury is associated with significant morbidity and mortality. Pancreatic lacerations can be challenging to
identify as the pancreas is not scanned at peak enhancement in most trauma CT protocols. This study qualitatively and
quantitively assessed pancreatic lacerations with virtual monoenergetic dual-energy CT (DE CT) to establish an optimal energy
level for visualization of pancreatic lacerations.

Methods Institutional review board approval was obtained. We retrospectively examined 17 contrast-enhanced CT studies in
patients with blunt trauma with MRCP, ERCP, or surgically proven pancreatic lacerations. All studies were performed in our
Emergency Department from 2016 to 2019 with a 128 slice dual-source DE CT scanner. Conventional 120 kVp and noise-
optimized virtual monoenergetic imaging (VMI) datasets were created. VMI energy levels were constructed from 40 to 100 keV
in 10 keV increments and analyzed quantitatively and qualitatively. Pancreatic laceration attenuation, background parenchymal
attenuation, and noise were calculated. Qualitative assessment was performed by two independent readers.

Results The optimal CNR for the assessment of pancreatic lacerations was observed at VMI-40 in comparison with standard
reconstructions and the remaining VMI energy levels (p =0.001). Readers reported improved contrast resolution, diagnostic
confidence, and laceration conspicuity at VMI at 40 keV (p =0.016, p =0.002, and p = 0.0012 respectively). However, diag-
nostic acceptability and subjective noise were improved on conventional polyenergentic images (p =0.0006 and p =0.001
respectively).

Conclusion Dual energy CT at VMI-40 maximizes the CNR of pancreatic laceration, improves diagnostic confidence, and
increases laceration conspicuity.
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Introduction

Blunt pancreatic trauma is an uncommon injury [1] and is
associated with significant morbidity and mortality [2] due
to non-specific clinical and laboratory findings [3] and failure
or delayed diagnosis of a pancreatic injury. Prompt and accu-
rate diagnosis of a pancreatic injury is made more challenging
as the pancreas is often not scanned at peak enhancement (35—
45 s) in most trauma CT protocols [4].

Evaluation of the abdomen with multidetector CT has long
been accepted and validated as the reference standard in the
acute setting [5]. Advances in DE CT post-processing algo-
rithms [6], including bone marrow edema, iodine overlay
maps, renal and gallstone stone analysis, has led to its increas-
ing clinical use. Utilizing DE CT, images can be constructed to
simulate the appearance of images obtained using a pure
monoenergetic X-ray source, termed virtual monoenergetic
imaging (VMI). VMI uses a complex post-processing algo-
rithm on dual-energy datasets to construct “monoenergetic”
energy levels [7, 8] expressed in kiloelectron volts (keV).
VMI at low keV levels maximizes the conspicuity of iodine
as it closely approximates the k-edge of iodine (33 keV) [9].
Consequently, VMI has demonstrated benefit in oncologic
[10-12] and vascular [13]imaging. In the setting of trauma,
VMI at lower energy levels improves the CNR of hepatic and
splenic lacerations [14]; however, visualization of pancreatic
lacerations using VMI has not yet been assessed. Thus, the
purpose of this study is to qualitatively and quantitively assess
pancreatic lacerations to establish an optimal virtual
monoenergetic energy level for visualization of pancreatic
lacerations.

Material and methods
Study population

Institutional review board approval was obtained. We retro-
spectively examined 17 contrast-enhanced CT studies in pa-
tients with blunt trauma with MRCP, ERCP, or surgically
proven pancreatic lacerations. All studies were performed in
the Emergency Department of a Level 1 trauma centre from
January 2016 to May 2019 using a standardized CT protocol
on a dual-source dual-energy CT scanner. Patients who were
not scanned using dual energy did not receive iodinated intra-
venous contrast, and those who did not have MRCP, ERCP, or
surgically proven pancreatic injuries were excluded from the
study.

CT acquisition

CT images were acquired using a third-generation (Somatom
Definition Force, Siemens Healthcare, Forchheim Germany)
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dual-source dual energy 128-slice multirow detector CT sys-
tem. The portal venous DE CT abdomen and pelvis, which
was used for analysis in this study, is acquired 70 s post injec-
tion of 80 ml of intravenous contrast (Omnipaque 350 mg
I/'ml; GE Healthcare, USA) at a rate of 2.5 cc per second
followed by 30 cc of 0.9% NaCl at the same rate. The CT
abdomen is acquired with a low-pitch (pitch=0.6) helical
acquisition with tube voltages of 90 kV and 150 kV with Tin
filter (mAs 115 and 89, respectively) with a rotation time of
0.5 s. At the scanner, DECT raw data were automatically
reconstructed using the standard linear-blending technique
by applying a blending factor of 0.6 (M_0.6; 60% of the 90-
kV and 40% of the 150-kV spectrum). Standard linearly
blended reconstructions were obtained to simulate conven-
tional 120-kV single-energy image acquisition. Axial source
data were reconstructed with sinogram-affirmed iterative re-
construction algorithm (ADMIRE Siemens Healthcare,
Forchheim, Germany) using a strength of 2.

Image post-processing

DE CT raw data was post-processed on a 3D multimodality
workstation (Syngo.via, version VB20, Siemens Healthcare,
Forchheim, Germany) using a soft tissue (I30) convolution
kernel (Qr40, Siemens). Virtual monoenergetic data sets were
subsequently generated at 40 to 100 keV in 10 keV increments
using the monoenergetic plus (Mono+) algorithm (Syngo.via,
version VB20, Siemens Healthineers) (Fig. 1). Energy levels
greater than 100 keV were not generated as they demonstrate
significantly reduced iodine levels. Each VMI energy level
data set and the conventional mixed dataset were reconstruct-
ed in axial and coronal slices with a thickness and increment
of 3 mm respectively. Data sets were transmitted to a DICOM
workstation (Osirix v10.0), to allow free-hand regions of in-
terests (ROI) to be drawn and ROI copy-and-paste function.

Effective dose measurements

Dose length product (DLP) was documented from the dose
report for each patient. The effective dose was calculated by
multiplying the DLP by 0.015 mSv/mGy cm [15].

Quantitative image analysis

Quantitative analysis of the conventional and virtual
monoenergetic data sets was performed on the portal venous
phase using Osirix by a radiologist with 5-year experience. A
laceration was defined as a hypoenhancing region of pancre-
atic tissue compared to normally enhancing parenchyma.
Firstly, the HU of the pancreatic laceration was calculated
using the free-hand ROI tool (Fig. 2). The largest ROI as
possible was drawn (> 100 mm?). Measurements were per-
formed three times and averaged to ensure consistency and
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Fig. 1 A 25-year-old male with a
laceration through the tail of the
pancreas illustrated on
conventional and VMI energy
levels from 40 to 100 keV. All
images have the same display
window (360HU) and same level
(160 HU) settings

minimize inaccuracies. Secondly, ROIs were placed within
the normal pancreas to calculate mean attenuation (HU) and
noise (standard deviation of the mean attenuation) of the nor-
mal pancreas. Efforts were made to place the ROIs in an as
homogeneous area as possible. Using the copy-and-paste
function, the same sized ROI in the same location was main-
tained across all eight data sets (mixed, 40, 50, 60, 70, 80, 90,

Fig. 2 A 25-year-old male with a
laceration the tail of the pancreas.
[llustration of the ROIs used to
calculate HU of the pancreatic
laceration, normal pancreatic
parenchyma and noise of the
organ

100 keV

100 keVs). Injury-to-parenchyma contrast was calculated
using the following equation: HUygan — HUjgjury- For calculat-
ing the injury-to-parenchyma contrast-to-noise ratio (CNR),
the following formula was used: CNR = (HUgan = HUjpjury) /
SDgrgan. The SD is the mean background noise of normal
pancreas [16].

A,

Area: 1,071 cm? (W: 0.917 cm H: 1.487 cm P: 3.9 cm)
Mean: 260.939 HU Median: 257.000 HU SDev: 31.448 HU Sum: 9
| Min: 184.000 HU Max: 375.000 HU
-

""k . h A
4

Area: 1.070 cm?

Mean: 116.538 HU Median: 114,000 HU SDev: 31.606 HU Sum
Min: 49.000 HU Max: 239.000 HU

Length: 6.93 cm
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Qualitative image analysis

Based on the results of the qualitative analysis, two radiolo-
gists with 8 and 15 years’ experience independently assessed
the VMI-40 and conventional mixed sets. Readers were aware
that all patients had a pancreatic laceration, and were blinded
to VMI energy level. Readers were allowed to modify the
default window settings (width, 400 HU; level, 100 HU), as
the optimal window settings vary significantly depending on
the VMI energy level [17]. Image quality was assessed using
parameters adapted from prior studies [10, 18]. Diagnostic
acceptability was scored out of 3 with 1 =standard and diag-
nostic, 2 =acceptable and diagnostic only after windowing,
and 3 =perceptible change that affects interpretation.
Subjective noise was graded out of 3, with 1 =standard and
diagnostic, 2 =noisy but diagnostic, and 3 =noisy and non-
diagnostic. Contrast resolution was graded out of 3, where 1 =
excellent, 2 = acceptable, and 3 = poor. Diagnostic confidence
was graded out of 3, where 1 = confident, 2 = somewhat con-
fident, and 3 =not confident. Subjective conspicuity of all
visible lesions was graded on a four-point scale adapted from
a prior study [19], with 1 =the laceration is strikingly evident
and easily detected, 2 = definite laceration detected, 3 = subtle
finding but likely a laceration, and 4 = barely perceptible lac-
eration with presence debatable.

Statistical analysis

Statistical analysis was performed with SPSS (version 25;
IBM, Armonk, NY). Pancreatic laceration CNR at the con-
ventional mixed and seven different VMI energy levels (40—
100 keV) were compared using a one-way ANOVA with
Tukey post test. Comparison between the qualitative parame-
ters of image quality was performed using a paired 7 test. A p
value of <0.05 was considered statistically significant. All
data was presented as mean + standard deviation.

Results

We included 17 consecutive patients (mean age 37,
range 16—64 years) including 10 males and 7 females.
Further, 16/17 patients sustained blunt abdominal trau-
ma. Ten pancreatic lacerations were located in the tail
of the pancreas, five within the body, and two within
the head of pancreas. By imaging modality, ten patients
were diagnosed on DE CT (58.8%) without further di-
agnostic imaging evaluation prior to surgery. Five
(29.4%) patients underwent a MRI and two (11.8%)
underwent ERCP after initial evaluation with DE CT
to confirm the presence of a pancreatic injury.
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Effective dose measurements

The average DLP was 329.5 mGy cm (+ 146.9 mGy.cm) and
the effective dose was 4.94 mSv (£2.2 mSv).

Quantitative image analysis
Noise

Noise was significantly higher at 40 keV compared to noise at
other virtual monoenergetic levels and conventional images
(p<0.001) (Table 1, Fig. 3) Noise was lowest at 100 keV
(11.4). A similar noise level was observed at 90 keV and
conventional mixed images (11.8 for 90 keV and 11.9 for
mixed (p =0.98) (Table 1, Fig. 3).

Injury-to-normal parenchyma contrast

The HU attenuation of the pancreatic laceration to normal
pancreatic parenchyma was higher at lower monoenergetic
levels, with the highest attenuation at 40 keV (p <0.001)
(Table 1, Fig. 3). Higher injury-to-normal pancreas contrast
ratios were observed at lower energy levels (40, 50, 60, 70)
compared with conventional images (p =0.04). Further,
80 keV provided an equivalent injury-to-normal parenchyma
ratio compared to conventional images (69.2 for 80 keV and
69.0 for conventional (p =0.90) (Table 1, Fig. 3).

Contrast to noise

Lower VMI energy levels demonstrated an increased injury-
to-parenchyma CNR (Table 1, Fig. 3). The highest CNR was
at 40 keV, significantly higher than conventional images (6.6
for 40 keV, 5.0 for conventional, p = 0.001). CNR at 40, 50, 60
were higher compared with conventional images (6.6, 6.2, 5.8,
and 5.0 respectively). CNR at 70 keV was equivalent to
conventional images, 5.0 and 5.0 respectively (p =0.98)
(Table 1, Fig. 3).

Qualitative image analysis

At the VMI 40 energy level, both readers observed im-
proved contrast, diagnostic acceptability, and confidence
compared to conventional mixed images. Conventional
images showed significantly improved diagnostic accept-
ability and subjective noise (Table 2). Two of the ten
pancreatic lacerations were only identified on the VMI-
40 datasets, and were not detected on conventional
120 kVp mixed images.
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Table 1 Mean pancreatic
laceration-to-parenchyma Energy level Laceration contrast Pancreas noise CNR CNR p value*
contrast, background noise of the
normal pancreatic parenchyma’ Conventional 69.0+23.2 11.9+4.5 5.0+2.1 -
and laceration contrast-to-noise 40 keV 217.8+73.5 334+7.6 6.6+2.8 <0.001
ratio (CNR) for conventional 50 keV 1514£49.1 242261 62427 <0.001
images and VMI (virtual
monoenergetic imaging) 60 keV 1104+38.2 183+5.1 58+29 0.04

70 keV 86.3+23.6 15.2+4.5 5.0+23 0.95

80 keV 69.2+21.7 12.84+3.9 48+24 0.32

90 keV 582+18.4 11.8+3.1 39+19 <0.001

100 keV 50.7+19.9 11.4+3.1 34+1.7 <0.001

* p values were calculated by comparing each virtual monoenergetic series with the conventional images using a
paired t test. A value of p < 0.05 was considered significant
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Fig. 3 Quantitative parameters across the virtual monoenergetic energy
levels (40-100 keV) reconstructed from contrast-enhanced dual energy
abdomen CT data. For pancreatic laceration ROls, the optimal CNR, and
laceration contrast occurred at 40 keV (a, b). Maximal noise occurred at
40 keV (c)

Discussion

The presence of a pancreatic laceration has a significant im-
pact on determining patient management and prognosis. Thus,
accurate identification and classification of a laceration allows
for timely intervention. Our findings demonstrate that despite
an increase in image noise, low-energy VMI improves quan-
titative and qualitative image parameters in patients with pan-
creatic lacerations compared to conventional linearly blended
M 0.6 image series. Therefore, we recommend that low-
energy VMI energy levels be routinely reconstructed when
performing DE CT of the abdomen in the setting of trauma.
Solid-organ lacerations are characterized by
hypoenhancing regions compared to normally enhancing pa-
renchyma. Identification of regions of pancreatic
hypoenhancement can be challenging as the pancreas is not
routinely scanned at optimal pancreatic enhancement as part
of the trauma CT abdomen and pelvis protocol (pancreatic
parenchymal phase 20 s vs. portal venous phase 70 s). As
illustrated in our study, the pancreatic laceration CNR is
higher at lower energy levels (VMI 40-60) compared to con-
ventional mixed images, resulting in improved diagnostic
confidence and laceration conspicuity. The improved CNR

Table 2 Comparison of subjective imaging parameters between
conventional (120 kVp) and VMI-40 kVp datasets. Diagnostic
acceptability, subjective noise, contrast resolution, and confidence were
graded on a three-point system. Conspicuity was graded on a four-point
system. Data are mean + standard deviation

Parameter VMI-40 Conventional p value
Diagnostic acceptability 1.94+0.49 1.2+£0.33 0.0006
Subjective noise 1.94+0.49 1.3+£0.47 0.001
Contrast resolution 1.3+£047 1.8+£0.56 0.0156
Confidence 1.1£0.33 1.7+£0.47 0.002
Conspicuity 1.1£0.33 1.7+0.47 0.0012

VMI virtual monoenergetic imaging
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at lower VMI energy levels is due to lower energy levels more
closely approximate the k-edge of iodine. Consequently, there
is an increase in the conspicuity of the iodine content, thus
increasing the contrast between a region of hypoenhancement
(i.e., a laceration) and uninjured pancreatic parenchyma. In
particular, we noted that VMI-40 best delineated the lacera-
tion, demonstrating maximal CNR and injury-to-normal pan-
creas contrast. This finding is in keeping with other oncolog-
ical studies demonstrating that lower VMI levels (ranging
from 50 to 60 keV) [20-23] improve lesion detection by in-
creasing CNR.

Our study is the first to report on the utility of DE CT in the
assessment of pancreatic lacerations, and is consistent with a
study [14] illustrating that 40 keV is the optimal energy level
for assessing both splenic and liver lacerations. Given the high
probability of concomitant visceral injuries (90%) in the set-
ting of pancreatic trauma [24], our study adds to the growing
evidence illustrating the benefit of reconstructing lower VMI
energy levels in the setting of trauma.

Significant advances in the VMI algorithm, termed VMI+
as used in our study, now allows for high image contrast at
lower VMI energy levels with improved noise reduction [25].
Despite an increase in image noise and reduction in diagnostic
acceptability of the images (table) at lower VMI energy levels,
VMI-40 images are still diagnostically acceptable and im-
prove diagnostic confidence. This finding is consistent with
other studies [13, 14, 22]. Thus, we recommend VMI images
be interpreted in conjunction with conventional mixed im-
ages. Radiologists interpreting VMI images should be aware
that due to an increase in contrast at lower energy levels [26], a
more significant adjustment of the window level and width
adjustment may be required.

Limitations of this study include the single institution ret-
rospective nature of the study. In addition, the study popula-
tion is small (n = 17), part of which reflects the low incidence
of pancreatic lacerations. Thirdly, the quantitative and quali-
tative analysis was based on a direct comparison between the
standard linearly blended M_0.6 image series and the VMI+
algorithm. Other blending factors (for example M 0.3 or
M_0.5) and other VMI energy levels (i.e., 50-100 keV) were
not analyzed and would be of interest in further studies.
Further, the study was performed using a dual-source dual-
energy CT scanner (third-generation Somatom Definition
FORCE, Siemens) and the Siemen’s VMI+ algorithm. Our
findings are vendor and manufacture specific and may be
not be generalizable to other DE CT products. Finally, prior
to image assessment, readers were aware that all patients had
surgical, ERCP, or MRCP proven pancreatic lacerations
which may have had an impact on the readers diagnostic
confidence.

In conclusion, contrast-enhanced dual source dual energy
CT at VMI-40 maximizes the CNR of a pancreatic laceration,
improves diagnostic confidence, and increases laceration
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conspicuity. We recommend the routine reconstruction of
40-keV VMI images as part of the trauma DE CT abdomen
protocol.
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