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Background: The precise assessment of the perforators of the fibula free flap (FFF) is crucial for
minimizing procedure-related complications when harvesting the FFF in patients with maxillofacial lesions.
This study aims to investigate the utility of virtual noncontrast (VINC) images for radiation dose saving and
to determine the optimal energy level of virtual monoenergetic imaging (VMI) reconstructions in dual-
energy computed tomography (DECT) for visualization of the perforators of the fibula free flap (FFF).
Methods: Data from 40 patients with maxillofacial lesions who received lower extremity DECT
examinations in the noncontrast and arterial phase were collected in this retrospective, cross-sectional
study. To compare VNC images from the arterial phase with true non-contrast images in a DECT protocol
(M_0.5-TNC) and to compare VMI images with 0.5 linear images blending from the arterial phase
(M_0.5-C), the attenuation, noise, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and subjective
image quality were assessed in different arteries, muscles, and fat tissues. Two readers evaluated the image
quality and visualization of the perforators. The dose-length product (DLP) and CT volume dose index
(CTDlIvol) were used to determine the radiation dose.

Results: Objective and subjective analyses showed no significant difference between the M_0.5-TNC and
VNC images in the arteries and muscles (P>0.09 to P>0.99), and VNC imaging could reduce 50% of the
radiation dose (P<0.001). Compared with those of the M_0.5-C images, the attenuation and CNR of VMI
reconstructions at 40 kiloelectron volt (keV) and 60 keV were higher (P<0.001 to P=0.04). Noise was similar
at 60 keV (all P>0.99) and increased at 40 keV (all P<0.001), and the SNR in arteries was increased at 60 keV/
(P<0.001 to P=0.02) in VMI reconstructions compared with those in the M_0.5-C images. The subjective
scores in VMI reconstructions at 40 and 60 keV was higher than those in M_0.5-C images (all P<0.001).
The image quality at 60 keV was superior to that at 40 keV (P<0.001), and there was no difference in the
visualization of the perforators between 40 and 60 keV (P=0.31).
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Conclusions: VNC imaging is a reliable technique for replacing M_0.5-TNC and provides radiation
dose saving. The image quality of the 40-keV and 60-keV VMI reconstructions was higher than that of the

M_0.5-C images, and 60 keV provided the best assessment of perforators in the tibia.
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Introduction

Surgical resection is the primary treatment method for most
maxillofacial lesions but may eventually induce a large defect
of the mandible, oral mucosa, and adjacent soft tissues (1).
Subsequently, reconstruction of mandibular defects with a
vascularized osteocutaneous free flap (OCFF) has been the
gold standard for restoring the functions and aesthetics of the
maxillofacial structure (2). Among the OCFFs, the fibula free
flap (FFF), first reported by Hidalgo in 1989 (3), has been
a workhorse flap for reconstruction after the resection of
maxillofacial bone and soft tissue (4). Nevertheless, it is still
a challenge to successfully harvest the FFF due to potential
peripheral vascular disease and significant anatomic variants
of the peroneal artery and its perforators (5). Therefore,
preoperative comprehensive knowledge of the size, location,
branching pattern, course, and anatomical variation of
perforators of the FFF is essential for minimizing procedure-
related complications and providing the reconstructive
surgeon with a definitive road map and details for successtully
harvesting the FFF and improving surgical planning (6,7).
Currently, various imaging techniques, such as digital
subtraction angiography (DSA), magnetic resonance
angiography (MRA), and computed tomography
angiography (CTA), have been used for the preoperative
evaluation of the anatomic variants of perforators of the
FFF (8,9). For many years, DSA has been considered the
diagnostic gold standard owing to its excellent spatial and
temporal resolution, but the invasive nature of the procedure
has limited its clinical application (3). Recently, CTA and
MRA were introduced as noninvasive and convenient
methods for the preoperative evaluation of perforators
of the FFF (10,11). Compared to MRA, CTA is a more
favorable method because it not only provides high-
resolution images of vessels but also allows the simultaneous
3-dimensional reconstruction of adjacent soft tissues and
bones (12). Several studies have used conventional CTA
to demonstrate the size, diameter, course, location, and
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anatomical variability of the perforating branches of the leg
to provide details of the vascular anatomy for harvesting the
free flap (7,8). However, conventional CTA is only able to
determine the major perforating arteries but cannot identify
small perforating branches of the FFF due to its relatively
low resolution. Furthermore, the cumulative radiation dose
of the routine dual-phase or multi-phase CTA examination
is inherently high due to the repeated scans in a single
examination (13). Therefore, exploring new techniques
to simultaneously improve the visualization of the tiny
perforating arteries and reduce the radiation dose of the
CTA examination is highly desirable.

Dual-energy computed tomography (DECT) is an
emerging technology that can address both of these above
concerns. In DECT, low- and high-kilovolt (kV) data sets are
simultaneously acquired, allowing the generation of multiple
imaging reconstructions and the performance of advanced
tissue characterization based on the attenuation properties
of different tissues and materials, with advancements
in improved temporal and spatial resolution, increased
anatomic coverage, radiation dose reduction strategies,
and noise optimization (14-16). Currently, several DECT
reconstructions, including virtual noncontrast (VNC)
images, virtual monoenergetic imaging (VMI), iodine
maps for perfusion analysis, and virtual noncalcium (VINCa)
images, offer new prospects for addressing the deficiencies in
conventional CT (14,17). Based on the principle of material
separation, the iodine component can be removed from the
original images, and VNC images may be generated using
dual-energy postprocessing algorithms (18). Several studies
have reported that VNC images can be generated to allow for
radiation dose reduction by removing the performance of the
noncontrast phase and, meanwhile, providing a comparable
image quality (19-21). In addition, VMI reconstructions are
synthesized at the image domain by the linear combination
of the low- and high-energy level CT images. In low-
energy level reconstructions, attenuation will notably
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Patients with maxillofacial lesions planned to perform preoperative DE-CTA in
lower extremity to harvest FFF for maxillofacial reconstruction (n=49, included)

Y

Patient with iodine allergies (n=1, excluded)

Patients underwent the DE-CTA in lower extremity (n=48, included)

Y

e Patient with diffuse calcifications of vessel
wall in lower extremity (n=1, excluded)

e DECT images had serious motion or shadow
artifacts (n=7, excluded)

Data organization and analysis (n=40, included)

Figure 1 Flow diagram for patient selection. DE-CTA, dual energy-computed tomography angiography; DECT, dual-energy computed

tomography; FFE, fibula free flap.

increase due to the chosen energy level being close to the
K-edge of iodine, which leads to an increased contrast-to-
noise ratio (CNR) (14,22). Previously, VMI reconstructions
at low keV values have been reported as a feasible method
for improving the visibility of small arteries and salvaging
the images in poor contrast conditions for CTA (22-26). To
date, a few preliminary studies have applied VNC imaging
and/or VMI simultaneously or alone to reduce the radiation
dose and/or improve the visualization of tiny vessels in the
DECT images (22,25,27,28). However, no studies have
reported the potential benefits of VNC and VMI for the
reduction of the radiation dose and improvement of the
visualization of tiny perforators for the FFF harvest in the
CTA examination.

The purposes of our study were to evaluate the
possibility of using VNC images as an alternative to true
noncontrast (TNC) images with a reduction of radiation.
Additionally, we compared the subjective and objective data
at various energy-level images reconstructed from dual-
energy computed tomographic angiography (DE-CTA) to
identify the optimal energy level in VMI reconstructions
for improving visualization of the perforators of the FFE.
We present the following article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-734/rc).

Methods
Patients

The study was conducted in accordance with the Declaration
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of Helsinki (as revised in 2013). This retrospective cross-
sectional study was approved by the Institutional Ethics
Committee of Sun Yat-sen Memorial Hospital, and informed
consent was acquired from the patients or the patients’ legal
guardians. Between April 2021 and March 2022, patients
with maxillofacial lesions who were scheduled to undergo
lower-extremity DE-CTA in Sun Yat-sen Memorial Hospital,
Sun Yat-sen University, were enrolled as participants in this
study. The inclusion criteria were the following: (I) patients
with maxillofacial lesions requiring surgical treatment,
and (II) patients scheduled to undergo preoperative lower-
extremity DE-CTA for harvesting of a FFF for maxillofacial
reconstruction. The exclusion criteria were the following:
(I) patients with contraindications for CTA examination
(pregnancy, unstable clinical condition, allergy to iodine),
(IT) patients with diffuse bone abnormalities and severe
muscular atrophy, (III) patients with images showing severe
motion or shadow artifacts, and (IV) patients with images
showing diffuse calcifications of a vessel wall or vascular
occlusion that would hinder the region of interest (ROI)
analysis. The patient enrollment process is shown in Figure 1.
The variables in this study had no missing data.

Scanning method and image processing

All examinations were performed on a third-generation
dual-source CT system (SOMATOM Force; Siemens
Healthcare, Erlangen, Germany). The scan range extended
from the upper edge of the patella to within 1 cm of the
lower edge of the lateral malleolus. The major parameters
in the dual-source, dual-energy mode were the following:
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tube A 80 kVp, tube B 140 kVp, gantry rotation time
0.50 s, pitch 1, and collimation 128x0.6 mm. Automated
tube-current modulation was performed in all studies
(CAREdose4D; Siemens Healthineers). After the acquisition
of the noncontrast phase, 1.5 mL/kg of nonionic contrast
medium (ioversol, 350 mgl/mL; Hengrui Pharmaceutical
Co, Ltd, Jiangsu, China) was injected intravenously into the
median cubital vein at a flow rate of 4-5 mL/sec for a total of
60-100 mL, which was followed by the injection of a 30-mL
saline chaser at the same flow rate. After the ROI was placed
in the popliteal artery, the start of contrast-enhanced image
acquisition was automatically launched at 10-12 s after
the attenuation reached the predefined threshold of 120 HU
using the bolus-tracking technique. The patients underwent
noncontrast phase and arterial phase imaging in a DECT scan.
The mixed images generated from the noncontrast images in
DECT are hereafter referred to as M_0.5-TNC images.

All DE-CTA images were reconstructed with a strength
level of 3 and a kernel (Qr32) using the advanced modeled
iterative reconstruction (ADMIRE; Siemens Healthineers).
The thickness for reconstruction was 1 mm with an
increment of 0.7 mm. All images were transferred to a
dedicated DE postprocessing workstation (syngo.via,
v. VB20A, Siemens Healthineers) with a multimodality
DECT application. The “VNC” workflow was used for
iodine subtraction to generate the VNC images. The VNC
images, the linear-blended images in the arterial phase
using a standard blending ratio of 0.5 (M_0.5-C), and the
VMI series ranging from 40 to 100 keV (20-keV intervals)
were then generated. The VMI series were generated via a
Monoenergetic+ algorithm in a Siemens dual-source system
(Siemens Healthineers ). Maximum intensity projection
(MIP) was created for both the VMI and M_0.5-C images
by a radiologist.

ROI assessment

Objective measurements were completed by an experienced
radiologist (GZS, with 8 years of experience). The average
attenuation and the corresponding standard deviation (SD)
were obtained based on measurements of the cross-sectional
images conducted 3 times in the popliteal, anterior tibial,
posterior tibial, peroneal arteries, tibialis anterior, and fat by
performing ROI analysis. The size of the ROIs depended on
the diameter of the popliteal artery (ROI size: 13-30 mm’),
anterior tibial artery (ROI size: 2-6 mm’), posterior tibial
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artery (ROI size: 2-5 mm’), and peroneal artery (RO size:
2-5 mm’). The ROI sizes of the tibialis anterior and fat
were 100 mm” and 20 mm’, respectively. The ROIs were
placed at the center of the vessels, and the area analyzed
was obtained at the maximum diameter of the vessel, with
calcifications, the vascular wall, and other influencing factors
being avoided. Next, the signal-to-noise ratio (SNR) and
CNR were calculated using the following formulas: SNR =
HU vessel/noise; CNR = (HU vessel - HU muscle)/noise (in

which noise represents the SD of vascular attenuation).

Reader assessment

"Two radiologists blinded to the histological diagnosis (XHD
and FZ, with 12 and 10 years of experience, respectively)
evaluated the VNC and VMI series/MIP images (40 keV,
60 keV, 80 keV, and 100 keV) and compared them to the
M_0.5-TNC and M_0.5-C images employing a 5-point
Likert scale. The degree of contrast agent removal in
the VNC images was evaluated compared to that in the
M_0.5-TNC images with detailed scoring criteria used in
a preceding study (22). In all patients, 8 individual arterial
segments and a total of 162 perforators were evaluated and
scored by each observer.

The subjective image quality of the VMI series and
M_0.5-C images were assessed using the following
parameters: noise, artifact, anatomic detail, and venous
contamination. This was scored on the following 5-point
scale: 5 points = excellent (no obvious image noise, artifacts,
or venous contamination; excellent distinction of anatomic
structures and details), 4 points = good (mild image noise,
artifacts, and venous contamination; good visualization
of anatomic structures and details but not an excellent
evaluation of the images), 3 points = fair (moderate
image noise and artifacts, acceptable anatomic details
but insufficient for diagnosis), 2 points = poor (no clear
anatomic detail and inadequate for diagnosis), and 1 point
= unacceptable (obscured anatomic structures and no
possibility of diagnosis) (29).

The depiction of perforators in the VMI reconstructions
and M_0.5-C images were evaluated by assessing their
continuity, vascular contrast, and diagnostic confidence,
with scores ranging from 5 (excellent delineation of
perforators, strong vascular contrast, and high diagnostic
certainty) to 1 (poorly defined perforator, lack of contrast
enhancement, and uncertain diagnosis) (30).
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Table 1 Demographic and clinical characteristics of patients

Patient characteristic Value
Age (years old) 55+18.0
Sex
Male 28 (70.0)
Female 12 (30.0)
BMI (kg/m?) 23.52+2.48
Clinical diagnosis
Squamous cell carcinoma 21 (62.5)
Ameloblastoma 5(12.5)
Osteonecrosis 2 (5.0)
Clear cell carcinoma 1(2.5)
Other benign tumors 11 (27.5)

Continuous variables are described as mean + SD, and
categorical variables are presented as the number (percentage).
BMI, body mass index.

Radiation dose assessment

The dose-length product (DLP; mGy-cm) and CT volume
dose index (CTDIvol; mGy) from the M_0.5-TNC and
arterial phase images were recorded in each patient. To
investigate the potential radiation dose reduction, the
DLP and CTDIvol of the noncontrast phase and contrast-
enhanced phase (noncontrast + CTA) group were compared
with these of the contrast-enhanced phase (CTA) group.
Radiation dose reduction was calculated according to the
following formula: radiation dose reduction % = [(mean
radiation dose of the noncontrast + CTA group — mean
radiation dose of the CTA group)/mean radiation dose of
the noncontrast + CTA group] x100.

Statistical analysis

All data analysis were performed using SPSS v. 25.0 (IBM
Corp., Armonk, NY, USA). Continuous variables were
described as mean (SD) and categorical variables were
described as percentages or frequencies. The distribution
of data and homogeneity of variance were tested using
the Shapiro-Wilk test and Levene test, respectively. The
attenuation, noise, CNR and SNR, and radiation doses
between the M_0.5-TNC and VNC images followed a

normal distribution with homogenous variance and were
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compared using the independent samples ¢ test. The
attenuation, noise, CNR, and SNR of the VMI series and
M_0.5-C images did not follow a normal distribution and
homogeneity of variance and were compared using the
Kruskal-Wallis test. The Wilcoxon signed-rank test was
used to compare the subjective image quality. Cohen’s
was used to assess the consistency of scores between the
2 readers. A « value could be interpreted as slight agreement
(<0.20), fair agreement (0.21-0.40), moderate agreement
(0.41-0.60), substantial agreement (0.61-0.80), or excellent
agreement (0.81-1.00). Significance was defined as a

P<0.05.

Results
Participant characteristics

Of the 49 patients initially included in our study, 9
participants were excluded for the following reasons: iodine
allergies (n=1), diffuse calcifications of a vessel wall in the
lower extremity (n=1), and DECT images with serious
motion or shadow artifacts (n=7). Finally, 40 patients with
an age range from 14.0 to 83.0 years were included in this
study. The baseline characteristics of the included patients
are summarized in Table 1.

Assessment of TNC and VNC

Table 2 shows the objective comparisons of the M_0.5-
TNC and VNC images, and representative images are
presented in Figure 2. No statistically significant difference
was observed in the attenuation, noise, SNR, or CNR
between the M_0.5-TNC and VNC images of the popliteal,
anterior tibial, posterior tibial, and peroneal arteries and
muscles (P>0.09 to P>0.99), but the attenuation of the fat
was significantly different between the M_0.5-TNC (mean
-100.2, SD 15.39; 95% CI: -104.0 to -97.76) and VNC
images (mean —69.16, SD 9.79; 95% CI: =71.28 to —66.87)
with P<0.001.

For the image-quality assessment of the VNC images
with removal of contrast media, 2 radiologists rated 90% of
cases with a score of 5 (complete removal of contrast media
from M_0.5-TNC images) and 10% of VNC images with a
score of 4 (almost complete removal of contrast media from
M_0.5-TNC images). There was good agreement on the
image-quality scores between the 2 observers for the VNC
images (k=0.773).
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Table 2 Comparison of attenuation, noise, CNR, and SNR between the TNC and VNC images

Parameters TNC (95% ClI) VNC (95% ClI) P value
Popliteal artery
Attenuation (HU) 47.33+6.77 (44.52, 47.57) 44.98+7.10 (43.46, 46.84) 0.22
SNR 6.71+£1.97 (6.25, 7.18) 6.73+2.25 (6.29, 7.34) 0.96
CNR 1.24+0.98 (0.98, 1.43) 1.30+1.26 (1.07, 1.66) 0.73
Noise (HU) 7.41+2.23 (6.86, 7.89) 7.26+2.2 (6.67, 7.65) 0.66
Anterior tibial artery
Attenuation (HU) 44.48+8.17 (42.44, 46.34) 45.04+8.30 (43.00, 46.92) 0.67
SNR 7.34+2.45 (6.81, 7.97) 7.25+2.65 (6.75, 7.99) 0.82
CNR 1.65+ 1.17 (1.35, 1.88) 1.44+1.31 (1.17,1.79) 0.28
Noise (HU) 6.58+1.94 (6.13, 7.03) 6.85+2.18 (6.34, 7.36) 0.41
Posterior tibial artery
Attenuation (HU) 43.33+7.59 (41.59, 45.11) 41.71+8.14 (39.79, 43.62) 0.19
SNR 7.25+2.75 (6.69, 7.98) 717+2.74 (6.51,7.72) 0.85
CNR 1.68+1.21 (1.35, 1.90) 1.68+1.36 (1.43, 2.06) 0.98
Noise (HU) 6.75+2.63 (6.09, 7.32) 6.56+2.55 (5.97, 7.03) 0.64
Peroneal artery
Attenuation (HU) 46.43+8.75 (44.22, 48.29) 44.27+7.92 (42.51, 46.27) 0.10
SNR 7.68+2.45 (7.17, 8.29) 7.72+2.78 (7.14, 8.44) 0.91
CNR 1.51+1.53 (1.15, 1.85) 1.50+1.41 (1.23, 1.90) >0.99
Noise (HU) 6.52+1.92 (6.01, 6.83) 6.23+1.85 (5.75, 6.60) 0.31
Muscle
Attenuation (HU) 52.96+4.23 (51.96, 53.96) 51.79+4.50 (50.84, 52.94) 0.09
SNR 7.91+2.16 (7.36, 8.38) 7.93+2.11 (7.51, 8.51) 0.96
Noise (HU) 7.21£1.79 (6.79, 7.64) 6.85+1.65 (6.46, 7.24) 0.18
Fat
Attenuation (HU) -100.2+15.39 (-104.00, —96.76) -69.16+9.79 (-71.28, —66.87) <0.001
SNR -11.98+4.58 (-12.94, -10.82) -10.95+4.49 (-11.95, -9.87) 0.77
Noise (HU) 9.43+3.47 (8.71, 10.34) 7.3+3.17 (6.63, 8.10) 0.20

Data are expressed as mean + SD (95% CI). VNC, virtual noncontrast; TNC, true noncontrast; SNR, signal-to-noise ratio; CNR, contrast-
to-noise ratio; HU, Hounsfield unit.

Radiation dose assessment was 147.66 mGy-cm (SD 27.74) and the mean CTDIvol

For the noncontrast + CTA group, the mean DLP was was 2.79 mGy (SD 0.53). The potential dose savings from

303.94 mGy-cm (SD 33.21) and the mean CTDIvol was the CTA group were about 50% lower compared with the
5.64 mGy (SD 0.60). For the CTA group, the mean DLP noncontrast + CTA group (P<0.001).
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Figure 2 The VNC images of the lower extremity from DECT showed no significant difference with the M_0.5-TNC images. (A) The
axial M_0.5-TNC image of the lower extremity in a 58-year-old female patient with oral cancer and (B) the corresponding VNC images. (C)

The axial M_0.5-TNC image of the lower extremity in a 64-year-old female patient with oral cancer; (D) the corresponding VNC images

show no significant difference in vascular calcification (arrow) compared with the M_0.5-TNC image. VNC, virtual noncontrast; M_0.5-

TNC, true noncontrast in a DECT protocol; DECT, dual-energy computed tomography.

ROI assessment of VMI reconstructions

Table 3 provides the detailed results of the comparison
between the serial VMI reconstructions and M_0.5-C images.
The attenuation, noise, and CNR in the VMI series showed
a similar trend, decreasing from low to high keV levels.
Vascular attenuation in the VMI reconstructions was superior
to that in the M_0.5-C images at 40 and 60 keV (P<0.001
to P=0.04) and increased approximately 165% and 33% at
40 and 60 keV, respectively. At 80 and 100 keV, the mean
attenuation in the VMI reconstructions was significantly
lower than that in the M_0.5-C images (P<0.001 to
P=0.01), except for muscle, in which the attenuation at
80 keV was similar to that in the M_0.5 images (P=0.66).
For all evaluated arteries and muscle, the image noise was
significantly lower in the 80 and 100 keV VMI images than
that in the M_0.5 images (all P<0.001); the image noise was
similar between the 60 keV VMI images and the M_0.5
images (all P>0.99); and the image noise was significantly
higher in the 40 keV VMI than in the M_0.5 (all P<0.001).
Furthermore, noise was highest at 40 keV compared with all
other VMI series with significant differences (all P<0.001).
The highest CNR value of all the evaluated arteries
and muscle was found at 40 keV in comparison with other

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

reconstructions (all P<0.001), except for 60 keV (P>0.15 to
P>0.99). Significantly higher CNR values were observed
at 60 keV for VMI reconstructions in comparison with
the M_0.5-C images (P<0.001 to P=0.02). A similar CNR
value was observed at 80 keV (P>0.99), and 100-keV VMI
reconstructions showed inferior CNR values compared with
the M_0.5-C images (all P<0.001).

For all evaluated arteries, SNR was increased at 60 keV
for VMI reconstructions compared with the M_0.5-C series
(P<0.001 to P=0.02). Similar SNR values were observed at
60 keV in muscle and at 40 keV in the popliteal, anterior
tibial, and posterior tibial arteries for VMI reconstructions
compared with the M_0.5-C images (P=0.05 to P>0.99).
The SNR of all evaluated arteries showed a higher value
at 80 keV in comparison with 60 keV, but these differences
were not statistically significant (all P>0.99).

Reader assessment of VMI reconstructions

Table 4 summarizes the scores of the subjective assessment
and Figure 3 demonstrates representative images. The
higher scores were achieved at 40 and 60 keV compared
with all other VMI images. The overall subjective analysis
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Table 3 Comparison of attenuation, noise, CNR, and SNR between the VMI reconstructions and M_0.5-C images

3073

Parameters

40 keV (95% Cl)

60 keV (95% Cl)

80 keV (95% Cl)

100 keV (95% Cl)

M_0.5 (95% Cl)

Popliteal artery
Attenuation, HU

Noise, HU

SNR

CNR

Anterior tibial artery
Attenuation, HU

Noise, HU

SNR

CNR

Posterior tibial artery

Attenuation, HU

Noise, HU

SNR

CNR

Peroneal artery

Attenuation, HU

Noise, HU

SNR

CNR

Muscle

Attenuation, HU

Noise, HU

SNR

1,218.88+265.09*
(1,152.88, 1,285.09)

26.94+3.50"
(26.06, 27.81)

45.74+10.59
(43.09, 48.39)

61.81+19.16"
(57.02, 66.59)

1,090.85+235.12*
(1,032. 1,149.57)

26.74+4.67
(25.57, 27.91)

41.83+11.11
(39.06, 44.61)

54.86+16.98"
(50.62, 59.10)

1,090.53+254.31*
(1,027.01, 1,154.06)

27.46+4.22*
(26.41, 28.52)

40.80+12.65
(37.64, 43.96)

54.69+17.35%
(50.36, 59.02),

1,126.48+247.03
(1,064.77, 1,188.18)

27.58+4.55*
(26.44, 28.71)

42.14+11.32*
(39.31, 44.97)

56.46+16.37*
(52.37, 60.55)

78.22+17.01*
(73.97, 82.47)

19.04+2.92*
(18.31, 19.76)

421117
(3.91, 4.50)

589.51+107.94*
(558.31, 613.84)

11.99+1.63
(11.71, 12.87)

48.50+11.61*
(45.59, 51.40)

50.38+15.17*
(46.49, 54.26)

554.6 8+92.37*
(527.13, 577.71)

12.52+2.14
(11.71, 13.10)

43.16+11.08"
(40.04, 45.34)

46.87+13.2*
(42.94, 49.48)

565.48+99.98"
(533.73, 589.61)

12.7022.07
(12.01, 13.32)

42.61+12.99*
(39.36, 45.85)

48.48+12.61*
(44.96, 51.98)

558.32+102.99*
(528.05, 582.13)

12.78+2.07
(12.40, 13,71)

43.34+11.31*
(40.51, 46.16)

48.38+12.51*
(44.60, 51.25)

63.45+7.53"
(61.43, 65.47)

10.68+1.73
(9.87, 10.94)

5.96+1.29
(5.63, 6.28)

322.13+63.34*
(304.16, 336.31)

6.76+1.47
(6.38, 7.13)

49.65+14.51*
(46.02, 53.27)

36.41+12.02
(33.26, 39.46)

303.27+55.28"
(289.35, 317.19)

7.19+2.05*
(6.68, 7.73)

45.05+13.76"
(41.25, 48.31)

33.91+10.36
(31.16, 36.48)

302.47+64.60
(286.33, 318.61)

6.94:+1.88*
(6.45, 7.41)

47.21+19.02*
(42.13, 51.90)

33.50+10.70
(30.59, 36.09)

304.07+60.20*
(289.11, 319.48)

6.91+1.43"
(6.57, 7.30)

45.73+13.22*
(42.02, 48.42)

33.69+10.25
(31.12, 36.24)

55.71+5.33
(54.43, 57.16)

7.60+1.40*
(7.21,7,92)

7.61+1.67*
(7.18, 8.02)

206.03+36.67*
(196.62, 215.44)

6.19+1.77*
(5.75, 6.63)

36.33+13.49
(32.96, 39.69)

24.97+8.80"
(22.77, 27.16)

194.81+32.87*
(186.60, 203.02)

5.569+2.13*
(5.06, 6.12)

41.64+21.93
(36.17,47.12)

23.09+7.51*
(21.22, 24.97)

192.8 2+ 38.92"
(183.10, 202.55)

5.27+2.21*
4.71,5.82)

41.3+16.41
(37.20, 45.40)

22.67+7.91* (20.69,
24.64)

197.35+53.03*
(184.11, 210.60)

5.47+2.49"
(4.84, 6.09)

40.26+16.80
(36.06, 44.45)

23.09+8.52*
(20.97, 25.22)

52.91:4.49*
(51.78, 54.03)

6.44+1.36*
(6.10, 6.78)

8.59+2.06*
(8.08, 9.11)

451.88+103.07
(431.79, 484,06)

11.69+1.78
(11.02, 12.09)

40.55+12.55
(37.96, 44.24)

40.77 +14.94
(36.95, 44.60)

418.13+90.98
(396.19, 445.91)

12.58+2.08
(12.20, 13.64)

36.71x11.16
(34.18, 39.75)

37.68+13.38
(34.13, 41.23)

413.09+ 93.10
(387.43, 438.75)

12.78+2.16
(12.10, 13.46)

36.33+12.25
(33.75, 39.90)

36.58+12.53
(33.53, 40.25)

425.89+100.10
(402.67, 455.28)

12.89+2.01
(12.00, 13.21)

35.57+10.04
(33.25, 38.28)

37.12+12.23
(34.22, 40.64)

57.98+5.58
(56.44, 59.51)

9.98+1.80
(9.68, 10.77)

6.17+1.26
(5.85, 6.48)

Data are expressed as mean + SD (95% ClI). *, the difference was statistically significant between VMI reconstructions and M_0.5-C images. VMI,
virtual monoenergetic imaging; M_0.5-C, 0.5 linear image blending image in arterial phase; keV, kiloelectron volt; SNR, signal-to-noise ratio; CNR,
contrast-to-noise ratio; HU, Hounsfield unit.
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Table 4 Scored ratings for visualization of the perforators on VMI and M_0.5

Score 5 4 3 2 1 K value

Image quality in M_0.5 and VMI reconstructions (N=80), n (%)

40 keV 28 (35.0) 48 (60.0) 4 (5.0) 0(0.0) 0(0.0) 0.927
60 keV 66 (82.5) 14 (17.5) 0(0.0) 0(0.0) 0(0.0) 0.918
80 keV 0 (0.0) 20 (25.0) 50 (62.5) 10 (12.5) 0(0.0) 0.856
100 keV 0(0.0) 4 (5.0) 50 (62.5) 26 (32.5) 0(0.0) 0.905
M_0.5-C 26 (32.5) 42 (52.5) 12 (1.5) 0(0.0) 0(0.0) 0.873

Visualization of perforators (N=162), n (%)

40 keV 84 (51.8) 56 (34.6) 15 (9.3) 0(0.0) 7 (4.3) 0.921
60 keV 74 (45.7) 64 (39.5) 17 (10.5) 0(0.0) 7 (4.3) 0.911
80 keV 0(0.0) 9 (5.6) 34 (21.0) 112 (69.1) 7 (4.3) 0.875
100 keV 0(0.0) 0(0.0) 8 (4.9) 147 (90.8) 7(4.3) 0.803
M_0.5-C 7 4.3) 52 (32.1) 39 (24.1) 57 (35.2) 7 (4.3) 0.840

VM, virtual monoenergetic imaging; M_0.5-C, 0.5 linear image blending image in arterial phase; keV, kiloelectron volt.

Figure 3 A 72-year-old female patient with oral cancer underwent DECT imaging. VMI reconstructions at 40 and 60 keV could
meaningfully increase vascular attenuation and raise the enhancement of vessels. (A-E) VMI reconstructions at levels of 40, 60, 80, and
100 keV, and the M_0.5-C image, respectively. (F-J) MIP imaged at 40, 60, 80, and 100 keV, and the M_0.5-C image, respectively. Severe
venous contamination was found on the 40-keV VMI reconstructions (arrows), and the 60-keV VMI reconstructions showed the best image
quality. DECT, dual-energy computed tomography; VMI, virtual monoenergetic imaging; keV, kiloelectron volt; M_0.5-C, 0.5 linear image

blending image from the arterial phase; MIP, maximum intensity projection.
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of image quality was rated best at 60 keV for VMI
reconstructions, followed by 40 keV, with statistically
significant differences (all P<0.001). The M_0.5-C images
received superior scores compared with the 80-keV and
100-keV VMI reconstructions (all P<0.001), but the 40-keV
and 60-keV reconstructions were significantly superior to
the M_0.5-C images (all P<0.001).

For perforator visualization, compared with the
M_0.5-C images, superior scores were observed for VMI
reconstructions at 40 keV and 60 keV (all P<0.001),
while lower scores were found at 80 keV and 100 keV
(all P<0.001). The best vascular visualization ratings were
observed in VMI reconstructions at 40 keV in comparison
with all other image series with statistically significant
differences (all P<0.001), except for VMI reconstructions
at 60 keV (P=0.31). The scores assessed at 60 keV for VMI
were significantly superior to the M_0.5-C images and the
80-keV and 100-keV VMI reconstructions (all P<0.001).

Discussion

In our study, the VNC images from the third-generation
DECT were comparable to the M_0.5-TNC images;
thus, VNC images could potentially replace M_0.5-
TNC images to substantially reduce radiation dose. In
addition, VMI reconstructions from the arterial phase in
our study could provide advantages by improving image
quality, visualization of perforators, and clinical diagnostic
confidence compared with M_0.5-C images. The 60-keV
VMI reconstructions obtained the most optimal subjective
and objective assessments of all of the VMI series.

DECT is a tremendous innovation in CT technology
that enables the generation of a wide range of images
via different postprocessing algorithms. DECT-derived
images [such as VMI, VNC images, material density
(MD) images, and VNCa images] can characterize specific
materials; reduce the use of contrast medium, radiation
dose and artifacts; and allow numerous quantitations of
tissue, thereby improving lesion detection and diagnostic
confidence (31,32). Several previous studies have combined
VNC and VMI to maintain high-quality images and
simultaneously reduce the radiation dose in the diagnosis
of renal cell carcinoma (RCC) (33) and in the depiction of
abdominal vessels (22). Zhang et al. (33) indicated that the
application of VNC images and VMI to replace TNC and
corticomedullary phase images could obtain comparable
image quality while reducing the radiation dose by 50.5%.
Lennartz er 4l (22) found that VNC images and 40-keV
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VMI reconstructions generated from single venous-phase
images could obtain comparable image quality for detecting
the major abdominal vessels as compared to TNC and
arterial phase CTA images. Nevertheless, the simultaneous
use of VNC imaging and VMI from DECT to improve the
image quality and perforator visualization of the FFF has, to
our knowledge, not yet been reported.

The VNC image is generated by removing the iodine
from the enhanced DECT image, and this can reduce the
X-ray exposure dose and scanning time in replacing the
TNC for diagnosis (15). To demonstrate the feasibility of
reducing the radiation dose by replacing the TNC images
with VNC images, we evaluated the image quality of the
major arteries and adjacent muscle of the lower leg in
M_0.5-TNC and VNC images. Our results showed that
the VNC images from the arterial phase were similar to
the M_0.5-TNC images with respect to attenuation, noise,
SNR, and CNR, and achieved excellent removal of contrast
media. Additionally, approximately 50% of the radiation
dose was reduced if the VNC images derived from the
arterial phase replaced the M_0.5-TNC images. These
results were similar with most of those reported in previous
studies which have indicated that VNC imaging can
potentially replace TNC images due to its ability to reduce
contrast media (15,18-21). However, some inconsistencies
were found with a few studies (34,35). De Cecco et al. (34)
investigated the differences in image quality, attenuation,
and artifacts between the TNC and VINC images of a liver
lesion on a second-generation DECT system and found
that the VNC images could not replace the TNC images
due to the limitations in material subtraction, which is
different to our results. This discrepancy might be explained
by the variability in TNC settings and patient thickness. In
De Cecco et al’s study, a standard single kilovoltage peak
acquisition was applied for TINC images; in contrast, we used
the DECT protocol for the noncontrast phase. In addition, the
thickness of abdominal regions in De Cecco ez al’s study was
much thicker than that of the lower extremity in our study,
which might have resulted in more scattering artifacts in
the former. Botsikas e #/. (35) demonstrated a significantly
higher attenuation of adrenal adenomas on VNC than on
TNC imaging. The inconsistency may be explained by
the difference in fat attenuation between TNC and VNC
imaging, which may introduce uncertain factors which
influence the assessment of adrenal lesion characterization.
In the present study, the difference of attenuation in fat was
found between the VNC and M_0.5-TNC images, but it
did not have an effect on the image quality or diagnostic
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confidence. Taken together, we can deduce that VNC
images are not equivalent to TNC images even though
they may have similar properties because VNC images are
generated by removing the iodine from enhanced DECT
images based on a material decomposition algorithm to
simulate the TNC images. Nevertheless, VNC images
derived from DECT could serve as a surrogate for TNC
images in clinical practice to reduce the radiation dose for
patients undergoing FFF harvest.

Our study also investigated whether low-keV VMI
reconstructions from the arterial phase could improve
image quality and thus provide adequate details for
the visualization of perforators. Generally, improved
visualization of enhanced small vessels is usually reliant on
vascular enhancement and image noise. CNR is the major
objective parameter of vascular enhancement. It has been
reported that VMI reconstructions derived from DECT
can improve the CNR of enhanced vessels and thus may help
to visualize the blood vessels much better, without increasing
the radiation dose and volume of contrast agent (23,36). The
VMLI, reconstructed by using a “frequency-split” technique
that combines high- and low-energy CT data, can increase
the attenuation at low-keV levels due to the chosen energy
level which approximates the K-edge of iodine although
the noise increases at the same time (14). Consequently,
the increased iodine attenuation can significantly improve
the vessel visibility. In our study, the vascular attenuation
and CNR at 40 and 60 keV were superior to those in
the M_0.5-C images, indicating that low-keV VMI
reconstructions may significantly improve the quantitative
image quality of vascular structures compared with M_0.5-C
images. Our qualitative assessment also seems to support
these findings. These results were in line with current
studies showing that VMI reconstructions at low keV could
meaningfully increase vascular attenuation and raise the
enhancement of vessels (23,37).

On the other hand, with decreasing energy levels, the
increased noise and appearance of venous pollution will
impair the overall image quality, which may hinder the
observation of small perforator vessels of FFE. Therefore,
an optimal keV level of VMI reconstructions must be
selected carefully to balance the vessel contrast, image
noise, and venous pollution to obtain the highest image
quality for visualization of the tiny perforators of FFF (27).
At present, no study has applied VMI reconstructions to
improve the visualization of tiny perforators for FFF harvest
in CTA examination, and the optimal keV for visualization
of tiny perforators remains unknown. In addition, although
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some studies (38-40) have used single low-keV VMI
reconstructions for the assessment of carotid and cerebral
arteries and thoracic and abdominal vessels, few studies
have compared the image quality of VMI reconstructions
at various keV levels to determine the optimal keV for
vasculature visualization. In these limited studies, however,
the optimal keV of VMI reconstructions for vascular
visualization has still been inconsistent, ranging from 40
to 60 keV compared with standard linearly blended images
(22,27,30,37). In the present study, we found that significant
image noise and severe venous contamination impaired the
diagnostic confidence in perforator visualization, although
readers in our study preferred VMI reconstructions at 40 keV
for the depiction of perforators. The attenuation, SNR,
CNR, visualization of perforators, and overall image quality
were improved at 60 keV, and the noise and venous pollution
were acceptable. Thus, the VMI reconstructions at 60 keV
were preferably chosen over other VMI series in objective
and subjective assessments. These results are consistent
with previous results in which 60-keV VMI reconstructions
showed the best image quality in the visualization of lower
extremity vessels (27,37). However, Sudarski et 4/. (27) also
pointed out that VMI reconstructions at 70 keV received the
best overall image quality compared to virtual 120-kV data
sets of the abdominal arteries. Albrecht et 4/. (30) showed
optimal visualization of small arterial branches at 40 keV
for VMI reconstructions and yielded the highest score in
contrast conditions at 50 keV in thoracic and abdominal
CTA. These differences may be related to the amount of
tissue around the vessels and the diameter of the vessels.
The lower extremity with comparatively little surrounding
soft tissue is subject to fewer scattering artifacts, allowing
the use of lower keV images to provide higher attenuation
for improving CNR. However, the determination for
visualization of the perforators, a kind of small vessel, needs
considerably less image noise, fewer artifacts, lower venous
contamination, and comparably higher CNR to provide
increased visualization and diagnostic confidence. The
perforator assessment with improved attenuation and CNR
derived from 60-keV reconstructions in DE-CTA could
achieve the best visual effect after MIP reconstructions to
improve diagnostic confidence. Therefore, we prefer VMI
reconstructions at 60 keV for visualization of perforators in
the FFF harvest.

Our study had several limitations. First, our study was
a single-center study with a relatively small sample size.
Larger samples are required to validate our preliminary
results in a future study. Second, a 20-keV energy interval
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for VMI reconstructions in this study might have missed
a few details, and we did not evaluate the impact of the
algorithms on our results. Lastly, the diagnostic accuracy
of the visualization of the lower extremity artery and
perforators by DSA and VMI should be compared in
further research.

Conclusions

Our results found that VNC images reconstructed from
DECT can be used to replace the M_0.5-TNC images
to reduce radiation dose and provide acceptable images.
Furthermore, the present study shows that a low-keV
VMI series of DE-CTA can improve vascular contrast,
SNR, CNR, image quality, and diagnostic confidence
compared with M_0.5-C images. VMI reconstructions at
60 keV provide the optimal image quality with considerably
improved attenuation and CNR, demonstrating the
potential to improve the visualization of lower extremity
arteries and their perforators for FFF harvest.
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