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PURPOSE

To investigate the image quality of lower extremity computed tomography angiography (LE-CTA)
using a reconstruction algorithm for monoenergetic images (MEls) to evaluate peripheral arterial
disease (PAD) at different kiloelectron volt (keV) levels.

METHODS

A total of 146 consecutive patients who underwent LE-CTA on a dual-energy scanner to obtain MEls
at 40, 50, 60, 70, and 80 keV were included. The overall image quality, segmental image quality of
the arteries and PAD segments, venous contamination, and metal artifacts from prostheses, which
may compromise quality, were analyzed.

RESULTS

The mean overall image quality of each MEl was 2.9 + 0.7, 3.6 £ 0.6, 3.9 + 0.3, 4.0 £ 0.2, and 4.0 +
0.2 from 40 to 80 keV, respectively. The segmental image quality gradually increased from 40 to
70-80 keV until reaching its highest value. Among 295 PAD segments in 68 patients, 40 (13.6%)
were scored at 1-2 at 40 keV and 13 (4.4%) were scored at 2 at 50 keV, indicating unsatisfactory im-
age quality due to the indistinguishability between high-contrast areas and arterial calcifications.
The segments exhibiting metal artifacts and venous contamination were reduced at 70-80 keV (2.6
+1.2,2.7 £ 0.5) compared with at 40 keV (2.4 £ 1.1, 2.5+ 0.7).

CONCLUSION

The LE-CTA method using a reconstruction algorithm for MEls at 70-80 keV can enhance the image
quality for PAD evaluation and improve mitigate venous contamination and metal artifacts.

KEYWORDS
Artifact, atherosclerosis, computed tomography angiography, peripheral arterial disease, radiation
dosage

eripheral arterial disease (PAD) affects older patients with atherosclerosis and is a com-

mon reason for recurrent hospital visits." Lower extremity computed tomography an-

giography (LE-CTA) can be used to detect PAD, assess anatomic variations, determine
suspected limb ischemia, carry out treatment planning, and evaluate stent placement.? Like-
wise, current guidelines recommend LE-CTA examinations to evaluate PAD, the severity of
atherosclerosis, and treatment planning.’*#

Dual-energy CT can enhance both the tissue contrast in monoenergetic images (MEls) by
using reconstruction algorithms® and the visualization of vascular anatomy by using bone
removal algorithms.*” An MEI enables optimization of the kiloelectron volt (keV) level to eval-
uate the objective and subjective image quality of tumors, large vessels, metal artifacts, and
ancillary features.®'* While low keV (40-50 keV) imaging provides a higher contrast than high
keV (70-90 keV) imaging, the former presents more severe noise than the latter. Recently,
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a noise-reduced virtual MEI reconstruction
algorithm (synonym MEI plus) was devel-
oped to mitigate image noise at low energy
levels.® In fact, this algorithm can reduce the
image noise at a low keV and improve the
image contrast at a high keV, even achiev-
ing the highest image contrast, effectively
removing image noise at a low keV and en-
hancing the signal-to-noise ratio and con-
trast-to-noise ratio in vascular imaging.''®
However, to the best of our knowledge, MEI
plus has not been used to optimize the keV
level in LE-CTA to evaluate PAD, venous con-
tamination, and metal artifacts. In this study,
the objective and subjective image quality of
MEIs obtained from LE-CTA at different keV
levels after applying MEI plus are compared.

Methods

Patients

This study was approved by the Basic Sci-
ence Research Program through the National
Research Foundation of Korea and was fund-
ed by the Ministry of Science ICT and Future
Planning (study number: GBIRB2020-435).
Written informed consent was waived due
to the retrospective nature of this study.
Patients who underwent LE-CTA on a du-
al-energy scanner for either the evaluation
or follow-up of PAD between July 2018 and
December 2018 were included. The Picture
Archiving and Communication Systems
database was searched to collect the data
of patients who met the criteria, and 157
consecutive patients were identified. The
exclusion criteria included a change in ex-
amination protocol and the loss of dose re-
ports. Following screening, 146 patients (91
men and 55 women; mean age= 64.7 + 13.9
years; age range= 26-92 years) were enrolled
in this study (Figure 1). The characteristics of
the patients and radiation dose parameters
are summarized in Table 1.

* Low kiloelectron volt (keV) levels provide a
higher contrast but more severe noise than
high keV levels.

* Both the objective and the subjective im-
age quality of monoenergetic images (MEIs)
obtained from lower extremity computed
tomography angiography at different keV
levels after applying a noise-reduced virtu-
al MEI reconstruction algorithm were com-
pared.

* The MEls at 70 and 80 keV levels can both
enhance the image quality and mitigate im-
age noise.

Computed tomography examination
protocol

The patients underwent LE-CTA from the
T12 vertebra to the lower end of the feet fol-
lowing intravenous injection of 30 mL at 4
mL/s followed by 80 mL at 3 ml/s of iohex-
ol 350 mgl/mL (Bonorex 350; Central Medi-
cal Service, Seoul, Republic of Korea). Bolus
tracking was used for the imaging. A region
of interest (ROI) was positioned at the aortic
bifurcation with a trigger threshold of 150
Hounsfield units (HU) before CT scans were
acquired using a 128-slice CT scanner (So-
matom Definition Flash; Siemens Healthcare,
Erlangen, Germany) in the dual-source mode
at a tube voltage of 80 kVp (tube detector A;
reference, 250 mAs) and 140 kVp with a tin
filter (tube detector B; reference, 106 mAs)

using tube current modulation of the dose
(CARE Dose 4D; Siemens Healthcare). The
images were reconstructed by applying a
blending factor of 0.4 (M_0.4; 40% of 80 kVp
and 60% of 140 kVp with a tin filter spec-
trum). The MEIs with a (axial) slice thickness
of 5 mm acquired at 40, 50, 60, 70, and 80
keV were reconstructed on a multimodal-
ity workstation (Syngo.via VB20; Siemens
Healthcare).

Qualitative analysis

The MEIs were independently reviewed
with blinded patient information in consen-
sus by two interventional radiologists (S.P.
and J.H.H.), who had nine and 12 years of
experience, respectively, at the time of the
study. Any discrepancies were resolved by

157 patients underwent dual-source lower extremity CTA
for assessment or follow-up of peripheral arterial disease
between July 2018 to December 2018

Exclusion:

Protocol change (n=10)
Loss of dose report (n=1)

146 consecutive patients included for analysis

Figure 1. Study flowchart.

Table 1. Patient characteristics and radiation dose parameters

Parameter

All patients (n = 146)

Demographics

Male?

Female?

Age (years)®

Height (cm)®

Weight (kg)®

BMI (kg/m2)°

Medical history of patients
Diabetes?

Hypertension®
Cardiovascular disease?
Chronic kidney disease®

CT angiography parameters
CTDI__ (mGy)®

Dose-length product (mGy-cm)®

vol

91(62.3)
55(37.7)

64.7 £13.9 (26-92)
162.6 9.9 (140-183)
61.5+12.2 (36.7-96)
23.2+4.8(13.6-40.7)

53 (36.3)
66 (45.2)
31(21.2)
20(13.7)

7.6 +0.5(6.9-9.7)
970.3 +£112.9 (711-1357)

2Data are number of patients (percentages); "data are means + standard deviations (ranges). BMI, body mass index;

CT, computed tomography; CTDI, CT volume dose index.
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consensus. The overall image quality of the
CT scans and the segmental image quality
of infrarenal abdominal aorta, common iliac
arteries (ClAs), external iliac arteries (ElAs),
common femoral arteries (CFAs), superficial
femoral arteries (SFAs), popliteal arteries
(PAs), anterior tibial arteries (ATAs), posterior
tibial arteries (PTAs), peroneal arteries, and
tibioperoneal trunk (TPT) were scored using
a four-point scale,>'" where scores of 0 and
1 were considered as unacceptable for ves-
sel assessment. Venous contamination was
scored using a three-point scale. The pres-
ence of stenosis and/or occlusion of LE arter-
ies was evaluated, and the degree of stenosis
was graded in terms of mild, moderate, and
severe.”? Then, the diagnostic value in terms
of prosthesis artifacts was scored using a
four-point scale (Table 2).

Quantitative analysis

For comparative analysis, one blinded
radiologist established a circular ROI with a
size of 1-3 cm? at specific levels of axial im-
ages from the five image sets at different keV
levels. The levels were the infrarenal abdom-
inal aorta and the midportion of the bilater-
al ClAs. The mean attenuation and standard
deviation (i.e. noise) of HU in the ROl were
calculated.

Radiation dose

The CT volume dose index [CTDI_ in mil-
ligrays (mGy)] and dose-length product (DLP
in mGy-cm) were used to estimate the radi-
ation dose from the dose report of the CT
scan.

Statistical analysis

The quantitative image analysis was com-
pared among the five image sets using the
analysis of variance method and adjustment
with Bonferroni correction for multiple com-
parisons, with a P value of <0.01 regarded
as significant. Interobserver agreement re-
garding the overall image quality on LE-CTA
was determined using kappa statistics with
the following scales: 0.01-0.20, slight agree-
ment; 0.21-0.40, fair; 0.41-0.60, moderate;
0.61-0.80, substantial; and 0.81-1.00, excel-
lent. All statistical analyses were performed
using SPSS statistical software (version 25.0;
IBM, Armonk, NY, USA).

Results

Among the 146 patients, 68 (46.6%) pre-
sented PAD in 295 image segment of arter-
ies in the LE-CTA examinations. The arteries
with PAD included 12 ClAs, two CFAs, five
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Figure 2. (a-c) Mean (bar graphs) and standard deviation (error bar) of the subjective image quality scores
from segmental arteries, venous contamination, and metal artifacts at different keV levels. keV, kiloelectron
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ElAs, 61 SFAs, 68 ATAs, 54 PTAs, 37 peroneal
arteries, 46 PAs, and 10 TPT branches. The LE-
CTA examinations of 14 patients revealed 15
segments with stent placement (eight pat-
ent stents and seven in-stent restenosis). In
addition, 33 patients presented 77 segments
(three right ClAs, three left ClAs, one right
EIA, one left EIA, four right CFAs, one left CFA,
six right SFAs, 10 left SFAs, 16 right PAs, 17 left
PAs, five right ATAs, five left ATAs, one right
peroneal artery, one left peroneal artery, one
right PTA, and two left PTAs) containing met-
al artifacts of prostheses [14 right total knee
replacements (TKRs), 13 left TKRs, seven right
leg internal fixations (IFs), 11 left leg IFs, two
pelvic bone IFs, two posterior lumbar IFs,
three right total hip replacements (THRs),
one left THR, and one left leg external fixa-
tion], all of which may compromise the LE-
CTA image quality of the arteries.

The overall quality of the 40, 50, 60, 70,
and 80 keV MEIls was 2.9 + 0.7 (range: 2-4),
3.6 + 0.6 (range: 2-4), 3.9 + 0.3 (range: 3-4),
4.0 £ 0.2 (range: 3-4), and 4.0 £+ 0.2 (range:
3-4), respectively. All pairwise comparisons,
except the 60 vs. 70 vs. 80 keV MEIs, were sig-

nificantly different (P < 0.001). Interobserver
agreement was excellent for the overall im-
age quality (kappa: 0.89).

The subjective segmental image quality
significantly increased in the CIA, SFA, PA,
peroneal artery, ATA, PTA, and TPT MEls at
70 and 80 keV compared with lower keV lev-
els (Figure 2). The segmental image quality
gradually increased from 40 to 70-80 keV,
reaching its highest value at 70 and 80 keV.
Among the 295 PAD segments, 40 (13.6%)
were scored at 1-2 at 40 keV (score 1, 2 seg-
ments; score 2, 38 segments) and 13 (4.4%)
were scored at 2 at 50 keV, indicating unsat-
isfactory image quality due to the indistin-
guishability between high-contrast areas
and arterial calcifications (Figure 3). Mean-
while, 199 (67.5%) of the 295 PAD segments
were scored at 4 at 40-80 keV.

Among the 75 segments exhibiting occlu-
sion, 68 (90.7%) were equally scored from 40
to 80 keV. The attenuation and noise of the
objective segmental image quality gradual-
ly decreased from 40 to 80 keV (Table 3). All
pairwise comparisons for attenuation indi-
cated a significant difference (P < 0.01). The
pairwise comparison for noise, 70 vs. 80 (P

Table 2. Subjective image analysis and evaluation of PAD

1. Subjective image analysis

a) Overall CT image quality

b) Segmented image quality of infrarenal aorta, CIA, EIA, CFA, SFA, PA, ATA, PTA, peroneal artery,

and TPT

1: If examination did not provide information for diagnosis

2: If examination maintained acceptable information but unsatisfactory image quality

3: If examination was satisfactory to provide information with adequate image quality

4: If examination provided optimal information with excellent image quality

c) Venous contamination

1: Visible and compromises diagnostic interpretation

2: Visible, not affect diagnostic interpretation

3: Not visible

2. Peripheral arterial disease and artifact evaluation

a) Peripheral arterial disease

Stenosis, 1: mild, decreased luminal diameter below 1/3

Stenosis, 2: moderate, decreased luminal diameter 1/3-2/3

Stenosis, 3: severe, decreased luminal diameter above 2/3

Occlusion

b) Diagnostic value in artifact of prosthesis

1: Non-diagnostic image quality, strong streak artifacts, insufficient quality for diagnostic

purposes

2: Severe artifacts causing uncertainty

3: Slight artifacts with adequate diagnostic image evaluation

4: Excellent image quality, no artifacts

PAD, peripheral arterial disease; CT, computed tomography; CIA, common iliac artery; EIA, external iliac arteries;
CFA, common femoral arteries; SFA, superficial femoral artery; PA, popliteal artery; ATA, anterior tibial artery; PTA,

posterior tibial arteries; TPT, tibioperoneal trunk.
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= 1.000) keV MEI on right CIA, 60 vs. 70 (P =
0.565), 60 vs. 80 (P =0.014), and 70 vs. 80 (P
= 1.000) keV MEI on the left CIA, indicated a
difference without significance, while further
pairwise comparisons of noise for infrarenal
abdominal aorta and bilateral CIAs indicated
a significant difference (P < 0.01) (Table 4).

The score of segments exhibiting metal
artifacts slightly increased from 40 (2.4 + 1.1)
to 70-80 keV (2.6 £ 1.2). Among the 77 seg-
ments exhibiting metal artifacts, 63 (81.8%)
were identically scored from 40 to 80 keV
(score 1: 21 segments; score 2: 12 segments;
score 3: 16 segments; score 4: 14 segments).
In addition, 22 segments were scored at 1
(non-diagnostic image quality) at 40-50 keV,
and 21 segments were scored at 1 at 60-80
keV (Figure 4). Most score differences (10/14
segments) were scored at 3 (slight artifacts)
or 4 (excellent image quality) at 40-50 keV
compared with the imaging at 60-80 keV.

The score of segments exhibiting ve-
nous contamination slightly increased from
40 (2.5 £ 0.7) to 70-80 keV (2.7 = 0.5). The
pairwise comparison, 40 vs. 80 (P = 0.008)
keV MEI, indicated a significant difference
in terms of noise for venous contamination,
while further corresponding pairwise com-
parisons, at 40 vs. 60 (P=0.048),40 vs. 70 (P=
0.017),50vs. 80 (P=0.467) keV MEI, indicated
a difference without significance. Among the
146 patients, 22 (15.1%) exhibited segments
with a score of 1 (visible and compromises
diagnostic interpretation) in venous contam-
ination at 40 keV, and 10 (6.8%) exhibited
segments with a score of 1 at 50 keV in the
LE-CTA examinations, while no imaging re-
sults were scored 1 at 60-80 keV.

Discussion

In this study, the image quality of MEls
acquired at five keV levels in terms of PAD,
venous contamination, and metal artifacts
were compared to determine the MEI acqui-
sition with the highest image quality. The
subjective image quality in segments exhib-
iting PAD at 70-80 keV was higher than that
at 40-60 keV.The venous contamination and
metal artifacts were more decreased in the
MEIs at 70-80 keV than those at 40-60 keV. In
addition, the diagnostic interpretation of 22
and 10 patients was compromised due to ve-
nous contamination in the MEIs at 40 and 50
keV, respectively, while venous contamina-
tion did not affect the diagnostic interpreta-
tion of the MEIs at 60-80 keV. Therefore, MEls
with a low keV level may lead to degraded
subjective image quality for PAD evaluation,
despite the high contrast.

Hwang et al.



Figure 3. (a-d) The LE-CTA using MEI plus in a 71-year-old man with PAD (body mass index: 21.9 kg/m?
CTDIvol: 7.1 mGy; DLP: 936 mGy-cm). The patient presented grade 3 stenosis from left SFA (arrowhead) to
PA.The 40-50 and 60 keV MEls were scored 2 and 3, respectively, in terms of diagnostic value in segmental
image quality in the left PA. Unsatisfactory image quality was observed for vascular calcification at 40-50
keV, but optimal image quality was achieved at 70-80 keV (score 4). LE-CTA, lower extremity computed
tomography angiography; MEls, monoenergetic images; PAD, peripheral arterial disease; CTDI, CT volume
dose index; DLP, dose-length product; SFA, superficial femoral arterie; PA, popliteal arteries; keV, kiloelectron

volt.

Several studies have reported that the im-
age quality of high-keV (70-100 keV) MElIs is
superior for calcific or noncalcified plaque in
arterial disease®' and for metal artifacts®20?'
compared with low-keV (40-50 keV) MEls,
regardless of the use of noise optimizing
methods (e.g., MEIl plus algorithm). These
findings are consistent with the highest sub-
jective image quality achieved at 70-80 keV
for the evaluation of PAD and metal artifacts

in our study. Symons et al.8 reported low-keV
images vyielding significantly higher arteri-
al plaque volumes than conventional 90/
Sn150-kVp images. Likewise, unsatisfactory
image quality was observed in 13.6% PAD
segments at 40 keV and 4.4% PAD segments
at 50 keV in our study. While small high-con-
trast structures with blooming artifacts can
be mitigated by optimizing the window
length/window width,??* low-keV images

with a high contrast can lead to misinter-
pretation or overestimation of PAD calcifica-
tion. Therefore, it may not be appropriate to
perform PAD evaluation using low-keV MEls,
even if using reconstruction algorithms such
as MEl plus.

Beeres et al.** reported that MEI plus at
a low keV (40-50 keV) provides low image
noise in aortic segments, which is not con-
sistent with our results. This difference may
be attributed to their evaluation of the aorta
(the largest vessel) and their neglection of
small vessels, PAD, and metal artifacts. More-
over, their results indicated lower noise at a
low keV using MEI plus compared with MEI
alone. Our study focused on the image qual-
ity of peripheral vessels at low and high keV
levels using MEI plus in both cases. Here, low
keV levels provided higher objective image
noise and lower subjective image quality
for PAD, venous contamination, and metal
artifacts than high keV levels. We expect our
results to be more consistent with clinical
practice when evaluating PAD using LE-CTA.

Severe venous contamination was ob-
served in the MEIs from 15.1% of the patients
at 40 keV and from 6.8% of the patients at
50 keV, while no compromise in diagnostic
interpretation due to venous contamination
was determined at 60-80 keV, suggesting
another disadvantage of low-keV MEls. Fur-
thermore, while low-keV MEls provide a high
contrast, this can lead to the overestima-
tion of small venous contamination. While
venous contamination at a low keV can be
reduced by the optimization of the window
settings, venous contamination may also ad-
versely affect LE-CTA at low keV levels.

This study involves certain limitations.
First, the images from a small number of
patients exhibited stent placement on the
evaluated artery segments. Given that stents
may also cause artifacts and might reduce
the image quality, optimizing the keV level
for evaluation of stent patency and in-stent
restenosis should be conducted by including
more patients with arterial stents. Second,
the CT image sets were acquired from a sin-
gle scanner, and the results may be neither
generalizable nor directly comparable with
those obtained from other scanners. Third,
since the results were not compared to those
of catheter angiography, which is the refer-
ence standard, the diagnostic accuracy of
CTA was not sufficiently evaluated. Fourth,
interobserver agreement was not evaluated,
except in terms of the overall image quality
since the analyses were conducted using
the consensus reading method. Finally, the
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Table 3. Quantitative analysis of MEI attenuation and noise in five image sets
Parameter (keV) 40 50 60 70 80

Quantitative analysis
(Hounsfield unit)

Attenuation

Infrarenal aorta 1547.2 +348.9 1031.2+233.3 725.8+162.8 526.1 £115.6 427.6 +£290.2
Right CIA 1513.9 +349.5 1021.0 +235.6 753.8+162.0 541.9+£119.9 4214+915
Left CIA 1522.4+341.0 1027.2 £228.8 724.6 +160.5 540.4+119.4 416.9+91.0
Noise

Infrarenal aorta 46.5 + 14.6 31.0£9.9 21.6+6.9 163+7.8 123+3.7
Right CIA 47.2+343 323+244 229+18.2 174+144 143+11.9
Left CIA 46.8 +29.1 34.8+383 23.8+18.38 18.2+15.0 145+12.3

Data shown are mean + standard deviation. MEIs, monoenergetic images; keV, kiloelectron volt; CIA, common iliac artery.

Figure 4. (a-e) The LE-CTA using MEI plus in an 80-year-old woman (body mass index: 23.8 kg/m? CTDIvol: 7.8 mGy; DLP: 956 mGy-cm) with PAD in both SFAs,
both PAs, and both PTAs as well as grade 3 stenosis. Metal artifacts caused by total hip replacement affect the right SFA evaluation, and their effect gradually
decreases in images from 40 to 80 keV. The diagnostic value scores of segmented image quality were 1, 2, 3 and 4 at 40, 50, 60-70, and 80 keV, respectively. LE-CTA,
lower extremity computed tomography angiography; MEls, monoenergetic images; CTDI, CT volume dose index; DLP, dose-length product; PAD, peripheral arterial
disease; SFA, superficial femoral arterie; keV, kiloelectron volt.
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Table 4. Quantitative analysis of MEI attenuation and noise in five image sets (P values)

Noise Attenuation
Parameter (keV) Ao RCIA LCIA Ao RCIA LCIA
vs. 50 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
vs. 60 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
%0 vs. 70 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
vs. 80 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
vs. 60 <0.001 0.003 0.002 <0.001 <0.001 <0.001
50 vs. 70 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
vs. 80 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
vs. 70 <0.001 0.320* 0.565* <0.001 <0.001 <0.001
o0 vs. 80 <0.001 0.009 0.014* <0.001 <0.001 <0.001
70 vs. 80 0.003 >0.999* > 0.999* 0.006 <0.001 <0.001

*Not statistically significant (P> 0.01). MEIs, monoenergetic images; keV, kiloelectron volt; Ao, infrarenal aorta; RCIA,

right common iliac artery; LCIA, left common iliac artery.

data corresponding to a level of >90 keV,
MEIs with polyenergetic images, or other MEI
blending factors were not compared. Further
studies including polyenergetic images and
various combinations of MEls should be con-
ducted.

In conclusion, among the MEls at differ-
ent keV levels, the 70-80 keV MEIs obtained
higher diagnostic interpretation scores in
the overall and segmental subjective im-
age quality evaluations that also consid-
ered metal artifacts. The image quality at
60-80 keV was more acceptable in terms
of venous contamination since the higher
contrast in low-keV images may lead to the
overestimation of small venous contamina-
tion.
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