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The value of dual-energy computed tomography angiography-based 
virtual monoenergetic imaging for evaluations after cerebral aneurysm 
clipping

PURPOSE
This study aimed to research the optimal energy range of dual-energy computed tomography an-
giography (DECTA)-based virtual monoenergetic imaging (VMI) for evaluations after cerebral an-
eurysm clipping.

METHODS
Sixty patients who underwent DECTA after cerebral aneurysm clipping were analyzed retrospec-
tively. Conventional computed tomography angiography (CTA) was compared with VMIs at 60, 70, 
80, 90, and 100 keV. The mean attenuation and standard deviation values within the regions of 
interest placed in the brain parenchyma and arteries with the worst artifact were measured, re-
spectively. The ΔCT and artifact index (AI) values were calculated to assess the artifact severity. The 
contrast-to-noise ratio (CNR) was calculated to assess vascular contrast. Two radiologists assessed 
brain parenchyma and cerebrovascular scores qualitatively using a five-point Likert scale.

RESULTS
Quantitative analysis showed that the artifacts of VMIs were significantly reduced compared with 
conventional CTA (P ≤ 0.014), except for the ΔCT and AI of 60 keV and the ΔCT of 70 keV. However, 
there was no significant difference in the vascular contrast on VMIs compared with conventional 
CTA, except for the CNR of 60 keV (P = 0.008). In qualitative analysis, the proportions of brain paren-
chyma scores and cerebrovascular scores ≥4 on the VMIs of 70 and 80 keV were higher than those 
of conventional CTA and other VMIs.

CONCLUSION
For the patients who underwent DECTA after cerebral aneurysm clipping, the 70–80 keV VMIs are 
expected to be the optimal energy range for balancing clip artifacts and visibility of adjacent ves-
sels.

CLINICAL SIGNIFICANCE
Studying the optimal energy range of DECTA-based VMI for post-operative assessment of aneu-
rysm clipping can reduce metal artifacts in images and increase vascular contrast. This facilitates 
the follow-up of patients after aneurysm clipping, offers timely and accurate detection of postop-
erative complications, provides assistance to clinicians in diagnosis and treatment, and improves 
patient prognosis.
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Cerebral aneurysms are localized weak-
ened pouches formed by pathological 
rupture of the internal elastic lamina 

and media of the arterial wall.1 The incidence 
of unruptured cerebral aneurysms in the 
general population is 3.6%–6%,2 and they are 
mostly asymptomatic or have non-specific 
symptoms. Ruptured cerebral aneurysms 
are a neurosurgical emergency with poten-
tially devastating consequences, which may 
be accompanied by complications, such as 
subarachnoid hemorrhage, hydrocephalus, 
cerebral parenchymal hemorrhage, and epi-
dural hematoma .2  Surgical clipping can safe-
ly treat ruptured and unruptured cerebral an-
eurysms.3 However, there are still risks, such 
as incomplete clipping, residue or recurrence 
of the aneurysm, distal occlusion of the par-
ent artery, cerebral vasospasm, and cerebral 
hemorrhage.4-6 As a non-invasive and simple 
technique, computed tomography angiogra-
phy (CTA) is widely used to evaluate treated 
aneurysms. Early postoperative evaluation 
helps identify complications in time and 
serves as a basis for late follow-up.7 Howev-
er, surgically implanted clips produce metal 
artifacts, affecting the observation of fine 
structures, such as peripheral brain paren-
chyma and vessels. Therefore, it is essential 
to minimize metal artifacts.

In recent years, several studies have ap-
plied different techniques to reduce metal 
artifacts in patients with treated cerebral 
aneurysms, among which metal artifact 
reduction (MAR) algorithms and dual-en-
ergy computed tomography angiography 
(DECTA)-based virtual monoenergetic im-
aging (VMI) can effectively improve image 
quality and reduce metal artifacts.8-12 Low-
keV monoenergetic images can improve 
density resolution and enhance the contrast 
between vessels and brain parenchyma; 
however, the noise and metal artifacts are 
worsened. In contrast, high-keV monoener-

getic images can reduce metal artifacts, but 
the contrast is also reduced. Therefore, find-
ing the optimal energy range to balance clip 
artifacts and visibility of adjacent vessels is 
crucial. To our knowledge, there are very few 
studies to address this issue.10-12 For instance, 
a skull phantom study10 showed that 120keV 
VMI significantly reduced metal artifacts and 
improved visibility of adjacent vessels com-
pared with non-corrected DECTA, but they 
did not study the value of other energy lev-
els. Furthermore, Dunet et al.11 demonstrat-
ed the best compromise between MAR and 
relative contrast-to-noise ratio (CNR) was 
obtained at 70–75 keV for gemstone spectral 
imaging (GSI) DECTA after cerebral aneurysm 
clipping. However, their results were not 
compared with conventional CTA. 

 In the current study, we comprehensively 
evaluate the effects of artifacts in the head, 
tail, and middle part of the implanted clip 
on peripheral vessels and brain parenchyma 
by comparing VMIs with conventional CTA 
to find the optimal energy range of DEC-
TA-based VMI for evaluation after cerebral 
aneurysm clipping.

Methods

Population and design

  One hundred twelve patients who under-
went aneurysm surgical clipping in the First 
Hospital of Putian City between March 2019 
and July 2023 were collected. The inclusion 
criteria were as follows: (1)  early follow-up 
DECTA performed after surgical clipping (the 
interval between examination and operation 
was <4 weeks); (2)  no pregnancy, no history 
of iodine contrast allergy,  and no severe car-
diopulmonary and renal dysfunction. The 
exclusion criteria were as follows: (1)  differ-
ent scanners and  different concentrations 
of contrast media; (2)  poor image quality or 
incomplete clinical data; (3) multiple aneu-
rysms or use of multiple metal clips. Figure 
1 shows the flowchart of inclusion and exclu-
sion criteria for the study. This retrospective 
study was approved by the First Hospital of 
Putian City Hospital Ethics Committee on 
December 28, 2022 (protocol no: 2022-100), 
and patient written consent was waived.

Image acquisition and reconstruction

All patients underwent DECTA on a 
third-generation dual-source computed to-
mography (CT) scanner (SOMATOM Force, 
Siemens Medical Solutions, Forchheim, Ger-
many). The patients were in the supine posi-
tion. The scanning range was from the 1 cm 

level below the skull base to the top of the 
skull, from foot to head. Scanning param-
eters were as follows: tube voltages 80 kVp 
and 150 kVp, pitch 0.7 mm, field of view 200 
× 200 mm. Automated tube current modu-
lation (CareDose4D, Siemens Medical Solu-
tions) was adopted. Reconstruction parame-
ters were as follows: Matrix 512 × 512, layer 
thickness 1.0 mm, spacing 0.7 mm, convolu-
tion kernel Qr40. 

Ultravist (370 mg/mL; Bayer-Schering 
Healthcare, Berlin, Germany) was injected 
into the anterior cubital vein with a dou-
ble-barrel high-pressure syringe at a dose 
of 1.0 mL/kg and rate of 4.5 mL/s, followed 
by a 40 mL saline flush at the same rate.     The 
acquisition was started automatically 4 sec-
onds after the peak time when the attenu-
ation value of the ascending aorta reached 
100 HU. 

 After the scanning, the automatically 
reconstructed 80 kV, Sn150 kV, and blend-
ed 115 kV images were transmitted to a 
Siemens workstation (Syngo.via VB10B) for 
post-processing. The Monoenergetic module 
was used to reconstruct the VMIs every 10 
keV from 60 to 100 keV. The blended 115 kV 
image using a ratio of 50/50 from the 80 kV 
and Sn150 kV data is approximately equiva-
lent to a conventional 120 kV acquisition and 
was considered as the reference. Finally,  six 
groups of images were obtained for subse-
quent analysis.

Objective evaluation of image quality

 Selection of regions of interest

 Objective image analysis was performed 
by a board-certified neuroradiologist with 
11 years of experience in brain imaging. 
A 10 mm2 circular region of interest (ROI) 
was placed within the center of one occipi-
tal lobe parenchyma (OLP) as the reference 
OLP, avoiding vessels, calcification, malac-
ic foci, and hemorrhage.13 Another ROI (as 
large as possible) was placed in the basilar 
artery as the reference BA, avoiding vascular 
wall calcification and skull base artifacts.   Re-
gions of interest A, B, and C between 6 and 
8 mm2 (mean 7.2 mm2) were placed in the 
brain parenchyma, with the worst artifacts 
around the head, tail, and middle part of 
the implanted clip, respectively. Regions of 
interest D and E were placed in the vessels 
with the worst artifacts around the head/
tail and middle part of the implanted clip, 
respectively.  These ROIs were copied in the 
same locations on both conventional CTA 
and VMIs (Figure 2). These ROIs’ attenuation 

Main points

• Metal artifacts on the tail of the clip were 
more serious than those on the head on 
both conventional computed tomography 
angiography (CTA) and virtual monoener-
getic imaging (VMI).

• VMI can significantly reduce metal artifacts 
compared with conventional CTA, except 
for 60 keV.

• Metal artifacts of clips near the skull base 
were higher than those away from the skull 
base on both conventional CTA and VMIs.

• The 70–80 keV VMIs are expected to be the 
optimal energy range for balancing clip arti-
facts and visibility of adjacent arteries.
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and standard deviation (SD) values were re-
corded. Each ROI was measured three times 
to calculate the average value for further 
analysis. In addition, images of 30 patients 
were randomly selected, and the ROIs were 
measured by another well-trained neurosur-
geon in a blinded method to assess the in-
ter-reader agreement. 

Quantitative analysis

The ΔCT values between A, B, C, and OLP 
and between D, E, and BA were calculated us-
ing the following formula:

 (1). 

The artifact index (AI) values of A, B, C, D, 
and E and the CNR values of D and E were 
calculated using the following formula9:

 
(2)

 
(3)

Artifact severity was assessed quantita-
tively by ΔCT (1) and AI (2). Vascular contrast 
was assessed quantitatively by CNR (3).

Subjective evaluation of image quality

A five-point Likert scale8 was used to 
evaluate the artifact severity of brain paren-
chyma and the contrast of adjacent arteries 
subjectively (Supplementary Table S1). Sub-
jective image analysis was carried out inde-
pendently by two more well-trained radiolo-
gists 1 and 2.

Statistical analysis

The statistical analysis was performed us-
ing SPSS statistics version 25.0 (IBM, Chicago, 
Illinois, USA). For the quantitative analysis, 
inter-reader and intra-reader agreements 

regarding attenuation and SD values of 
ROIs were calculated using intraclass corre-
lation coefficients (ICCs). All ICCs between 
0.75 and 1.00 were interpreted as excellent 
agreement. A comparison of data from  the 
six groups of images was performed by one-
way analysis of variance (ANOVA).  According 
to the homogeneity of variance, the least sig-
nificant difference or Tamhane’s T2 test was 
used to compare ΔCT, AI, and CNR between 
conventional CTA and VMIs. A graphical com-
parison was used to illustrate the results. In 
addition, to evaluate whether the clips’ lo-
cation may affect the metal artifact severity 
of conventional CTA and VMIs, as previously 
suggested,11 ΔCT and AI were also compared 
between patients with clips near the skull 
base (internal carotid artery or communi-
cating arteries) and patients with clips away 
from the skull base (anterior cerebral artery, 
middle cerebral artery, or posterior cerebral 
artery) in the six groups of images using the 
Mann–Whitney U test. To avoid the influence 
of different orientations of clips, the worst 
ΔCT and AI values   from ROI A, B, and C were 
selected for artifact severity comparison.

For the qualitative analysis, the inter-read-
er agreement of subjective scores (brain 
parenchyma scores and cerebrovascular 
scores) were calculated using Cohen’s kappa 
coefficients, with values of 0.41–0.60 repre-
senting a moderate agreement, 0.61–0.80 a 
strong agreement, and 0.81–1.00 an almost 
perfect agreement.  Every disagreement was 
resolved by consensus between two radiolo-
gists before further analysis. The chi-squared 
test was used to compare subjective scores 
≥4 proportions between conventional CTA 
and VMIs.  A P value of <0.05 was considered 
statistically significant.

Results
Finally, 60 patients (of whom the mean 

age was 55.15 ± 9.24 years and 23 were men) 
underwent surgical clipping, and 60 aneu-
rysms were included in this study (one metal 
clip per aneurysm).  In summary, seven differ-
ent clips (Yasargil, Braun Medical, Tuttlingen, 
Germany) made of titanium were included, 
and the blade length was 7.0–13.7 mm (Sup-
plementary Table S2). The dose-length prod-
uct (DLP) was 158.00 ± 31.45 mGy·cm, the 
computed tomography dose index (CTDIvol) 
was 8.75 ± 1.74 mGy, and the effective dose 
(ED) was 0.33 ± 0.07 mSv according to ICRP 
103 conversion coefficients.13 The radiation 
dose in the current study is lower than that 
in previous cerebral DECTA-related studies 
(DLP: 280–685 mGy·cm, CTDIvol: 13–42 mGy, 
ED: 0.59–1.44 mSv).11,12,14,15 The interval be-

Figure 1. The flowchart of inclusion and exclusion criteria for the study. DECTA, dual-energy computed 
tomography angiography.

a b c d

Figure 2. An example of manually designating regions of interest in conventional computed tomography 
angiography images at different slices or different window widths and levels. (a) The occipital lobe 
parenchyma is drawn in the right occipital lobe, avoiding vessels, malacic foci, and hemorrhage. (b) Draw A, 
B, and C in the areas with the worst artifacts in the metal clip’s head, tail, and middle part, respectively. (c) BA 
is located in the basilar artery. (d) D and E are located in the vessels with the worst artifacts in the tail and 
middle part of the metal clip, respectively.
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tween postoperative DECTA and surgery was 
16.77 ± 5.64 days. Supplementary Table S3 
summarizes patient characteristics as well as 
aneurysm location and postoperative com-
plications.

Quantitative analysis

The inter-reader and intra-reader ICCs of 
attenuation and SD values in conventional 
CTA and VMIs are summarized in Supple-
mentary Table S4. All ICCs showed excellent 
agreement (inter-reader ICCs: 0.892–0.9 85, 
intra-reader ICCs: 0.911–0.995).  The ΔCTA, 
ΔCTB, ΔCTC, AIA, AIB, and AIC of the brain pa-
renchyma and the ΔCTD, ΔCTE, AID, AIE, CNRD, 
and CNRE of the cerebral vessels were all in 
concordance with the normal or slightly 
skew distribution. The P values of one-way 
ANOVA were all <0.05, except for CNRD.  There 
were significant differences for ΔCTA, ΔCTB, 

and ΔCTC of all VMIs compared with those of 
conventional CTA (P ≤ 0.002). They were all 
lower as the keV level increased, and the low-
est values were 44.39 ± 24.40, 60.97 ± 34.42, 

and 30.28 ± 10.91, respectively, at 100 keV 
(Table 1, Figure 3a). Except for 60 keV,  there 
were significant differences for AIA, AIB, and 
AIC of all VMIs compared with those of con-
ventional CTA (P ≤ 0.014). They were all low-
er as the keV level increased, and the lowest 
values were 17.83 ± 10.50, 23.93 ± 16.90, and 
15.92 ± 5.81, respectively (Table 2, Figure 3b). 
The ΔCT and AI of clips near the skull base 
were higher than those of clips away from 
the skull base on both conventional CTA and 
VMIs, with significant differences (P ≤ 0.031), 
except for the AI of 90 and 100 keV (Supple-
mentary Table S5).

Except for ΔCTD and ΔCTE of 60 keV and 
ΔCTE of 70 keV, the ΔCTD and ΔCTE of all VMIs 
were significantly different from those of 
conventional CTA (P ≤ 0.003). They basically 
decreased with the increase in keV level, and 
the lowest values were 28.47 ± 17.72 and 
51.63 ± 28.55, respectively (Table 3, Figure 
4a). The AID and AIE of all VMIs differed signif-
icantly from those of conventional CTA (P < 
0.001). They all decreased with the increase 

in keV level, and the lowest values were 21.20 
± 6.05 and 29.88 ± 12.14, respectively (Table 
4, Figure 4b). However, there was no signif-
icant difference in CNRD and CNRE between 
all VMIs and conventional CTA, except for the 
CNRE of 60 keV (P = 0.008) (Table 4, Figure 4c).

Qualitative analysis

The Cohen’s kappa coefficients of brain 
parenchyma and cerebrovascular scores of 
radiologists 1 and 2 in conventional CTA and 
VMIs are summarized in Supplementary Ta-
ble S6. All kappa coefficients showed strong 
or almost perfect agreement (0.633–0.832). 
 In conventional CTA and 60 to 100 keV VMIs, 
the proportions of brain parenchyma scores 
≥4 were 6.67%, 6.67%, 61.67%, 80.00%, 
20.00%, and 5.00%, respectively. Except for 
60 and 100 keV, the brain parenchyma scores 
of other keV levels were significantly higher 
than those of conventional CTA (P ≤ 0.032). 
The proportions of cerebrovascular scores 
≥4 were 1.67%, 50.00%, 95.00%, 73.30%, 
13.33%, and 0.00%, respectively. Except for 

Table 1. ΔCTA, ΔCTB, and ΔCTC in the five groups of VMIs compared with conventional CTA

Group ΔCTA (HU) P value ΔCTB (HU) P value ΔCTC (HU) P value

Conventional CTA 164.95 ± 46.62 - 251.47 ± 106.01 - 101.30 ± 24.54 -

60 keV 199.18 ± 53.78 <0.001 302.41 ± 122.58 0.001 114.17 ± 28.95 0.001

70 keV 136.90 ± 38.33 <0.001 205.66 ± 83.51 0.002 79.32 ± 20.60 <0.001

80 keV 98.68 ± 32.21 <0.001 141.50 ± 59.28 <0.001 57.92 ± 17.34 <0.001

90 keV 67.11 ± 27.95 <0.001 94.86 ± 42.74 <0.001 41.17 ± 12.95 <0.001

100 keV 44.39 ± 24.40 <0.001 60.97 ± 34.42 <0.001 30.28 ± 10.91 <0.001

VMI, virtual monoenergetic imaging; CTA, computed tomography angiography; HU, hounsfield unit.

Table 2. AIA, AIB, and AIC in the five groups of VMIs compared with conventional CTA

Group AIA (HU) P value AIB (HU) P value AIC (HU) P value

Conventional CTA 40.89 ± 19.92 - 78.23 ± 49.72 - 34.43 ± 11.13 -

60 keV 43.85 ± 21.85 0.311 87.26 ± 57.49 0.197 37.62 ± 13.21 0.066

70 keV 31.87 ± 15.97 0.002 61.01 ± 39.38 0.014 27.65 ± 9.60 <0.001

80 keV 24.89 ± 13.20 <0.001 44.30 ± 27.42 <0.001 21.90 ± 8.24 <0.001

90 keV 20.64 ± 11.20 <0.001 31.77 ± 20.28 <0.001 18.12 ± 6.78 <0.001

100 keV 17.83 ± 10.50 <0.001 23.93 ± 16.90 <0.001 15.92 ± 5.81 <0.002

VMI, virtual monoenergetic imaging; CTA, computed tomography angiography; HU, hounsfield unit.

Table 3. ΔCTD and ΔCTE in the five groups of VMIs compared with conventional CTA

Group ΔCTD (HU) P value ΔCTE (HU) P value

Conventional CTA 94.97 ± 56.76 - 94.60 ± 53.70 -

60 keV 99.53 ± 58.61 0.681 101.42 ± 59.21 0.441

70 keV 67.44 ± 41.56 0.003 78.02 ± 44.47 0.061

80 keV 51.29 ± 33.55 <0.001 64.22 ± 35.49 0.001

90 keV 44.95 ± 72.41 <0.001 66.13 ± 60.11 0.001

100 keV 28.47 ± 17.72 <0.001 51.63 ± 28.55 <0.001

VMI, virtual monoenergetic imaging; CTA, computed tomography angiography; HU, hounsfield unit.
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100 keV, the cerebrovascular scores of oth-
er keV levels were significantly higher than 
those of conventional CTA (P ≤ 0.015). Re-
sults are shown in Table 5. Figure 5 shows the 
conventional CTA and VMIs of a patient after 
aneurysm clipping.

Discussion
The dominant findings of our study can 

be summarized as follows: (1) metal artifacts 
were more serious on the tail of the clip than 
those on the head on both conventional CTA 
and VMIs; (2) VMIs can significantly reduce 
metal artifacts compared with conventional 
CTA except for 60 keV, whether at the head, 
tail or middle part of the clip; (3) metal arti-
facts of clips near the skull base were higher 
than those away from the skull base on both 
conventional CTA and VMIs; (4) the 70–80 
keV VMIs showed the best compromise be-
tween clip artifact reduction and contrast 
vessel visibility.

There are many causes of the artifacts 
of implanted metal clips, including beam 
hardening, photon starvation, scattering, 
noise, and non-linear distribution effects, 
mainly characterized by the appearance of 
light and dark stripes around the clip.16-18 In 
this study, we found that there were differ-
ent numbers and lengths of dark stripes in 
the head and tail of the clip, and the dark 
stripes in the tail were more serious than 
those in the head. The ΔCTB value of the tail 
was larger than the ΔCTA value of the head 
in both conventional CTA and VMIs.  This may 
be related to the shape and position of the 
metal clip after implantation. The aneurysm 
clip is scissor-like; the shape of the head is 
quasi-round or similar to the number “8,” and 
the tail is thin and long after clipping, result-
ing in the tail absorbing more low-energy 
X-ray photons and, hence, a more obvious 
beam hardening effect. It is characterized by 
a wider range of low-density dark stripes. In 
addition, we found that there are multiple 
scattered patchy or coronal high-density ar-
tifacts around the middle part of the metal 
clip, which may be related to noise, photon 

a b

c

Figure 4. The box plots of the distribution of cerebrovascular parameters in conventional computed 
tomography angiography and virtual monoenergetic imaging with different keV levels. (a) The distribution 
of ΔCTD and ΔCTE in six groups of images. (b) The distribution of AID and AIE in six groups of images. (c) The 
distribution of CNRD and CNRE in six groups of images.

a b

Figure 3. The box plots of the distribution of brain parenchyma parameters in conventional computed 
tomography angiography and virtual monoenergetic imaging with different keV levels. (a) The distribution 
of ΔCTA, ΔCTB, and ΔCTC in six groups of images. (b) The distribution of AIA, AIB, and AIC in six groups of images.

Table 4. AID, AIE, CRND, and CNRE in the five groups of VMIs compared with conventional CTA

Group AID (HU) P value AIE (HU) P value CNRD P value CNRE P value

Conventional CTA 51.94 ± 13.81 - 67.94 ± 29.52 - 5.70 ± 1.06 - 9.62 ± 4.89 -

60 keV 57.41 ± 15.59 0.007 56.50 ± 19.02 <0.001 5.92 ± 1.19 0.313 11.64 ± 4.39 0.008

70 keV 42.94 ± 11.40 <0.001 44.51 ± 14.58 <0.001 5.94 ± 1.17 0.271 11.03 ± 4.34 0.061

80 keV 32.47 ± 9.09 <0.001 37.06 ± 12.56 <0.001 5.98 ± 1.22 0.195 10.34 ± 4.14 0.336

90 keV 25.56 ± 7.09 <0.001 33.09 ± 12.21 <0.001 5.84 ± 1.20 0.527 9.27 ± 3.60 0.646

100 keV 21.20 ± 6.05 <0.001 29.88 ± 12.14 <0.001 6.72 ± 1.20 0.957 8.47 ± 3.19 0.128

VMI, virtual monoenergetic imaging; CTA, computed tomography angiography; HU, hounsfield unit.
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starvation, and similar effects. It affects the 
observation of the brain parenchyma around 
the clip and may cause false positives of 
cerebral hemorrhage, overestimates of the 
extent of cerebral hemorrhage, or coverage 
of cerebral infarction or subarachnoid hem-
orrhage, resulting in misdiagnosis or missed 
diagnosis.  Meanwhile, it also affects the ob-
servation of the vessel around the clip and 
interferes with the diagnosis of residual or 
recurrent aneurysms, vascular stenosis, or 
vasospasm.

 X-ray tubes generate photons with differ-
ent energy levels. When they encounter met-

al clips with high attenuation coefficients, 
more low-energy photons are absorbed, 
whereas high-energy photons penetrate. 
This unequal proportion of absorption char-
acteristics causes beam-hardening artifacts 
and reduces image quality. The ideal way to 
eliminate this artifact is for the tube to out-
put photons of the same energy; however, 
such a device cannot be manufactured with 
current technology. Dual-energy CT virtual-
ly calculates the attenuation value of each 
voxel at different keV levels through high-en-
ergy and low-energy scanning modes, thus 
generating VMIs. In this retrospective study, 

we researched the ability of VMI to reduce 
metal artifacts and enhance vascular con-
trast. We found that VMI can significantly 
reduce the metal artifacts compared with 
conventional CTA. The quantitative analysis 
showed that the ΔCT and AI at the head, tail, 
or middle part of the clip decreased signif-
icantly on VMIs except for 60 keV, meaning 
significant MAR.  These results were similar to 
the qualitative analysis, showing a significant 
improvement in the proportions of brain pa-
renchyma score ≥4 in 70, 80, and 90 keV. Sev-
eral studies over the past decade8-12 investi-
gated the values of DECT-based VMI or MAR 
algorithms to reduce artifacts in clipped or 
coiled aneurysms. As previously mentioned, 
a skull phantom study10 showed that VMI 
significantly reduced metal artifacts com-
pared with non-corrected images, which was 
similar to our results, and performed better 
when combined with the iterative MAR al-
gorithm. MAR algorithms were designed to 
reduce artifacts caused by metal implants 
at low energy while preserving good image 
quality. Bier et al.8 found that iterative MAR 
algorithms improved non-enhanced CT im-
age quality after clipping or coiling but did 
not improve single-energy CTA image qual-
ity and reduced adjacent vessel contrast in 
30% of cases. They supposed that this was 
caused by novel artifacts generated by the 
over-correction of the algorithm. Further-
more, the competing interests of high-en-
ergy and low-energy images are a limitation 
of DECTA-based VMI. Thus, we thought that 
they were complementary, and a few studies 
have proved this.10,11 Furthermore, MAR algo-
rithms are available for both single-energy 
and dual-energy CT acquisition, whereas VMI 
requires a dual-energy CT scanner, which can 
be expensive.

Table 5. Results from the qualitative analysis in the five groups of VMIs compared with conventional CTA

 Points
Group (n, %) 

1 2 3 4 5 ≥4 c2 P value

Brain parenchyma 
score

Conventional CTA 0 (0) 3 (5) 53 (88.33) 4 (6.67) 0 (0) 4 (6.67) - -

60 keV 0 (0) 6 (10) 50 (83.3) 4 (6.67) 0 (0) 4 (6.67) 0.00 1.000

70 keV 0 (0) 0 (0) 23 (38.33) 36 (60) 1 (1.67) 37 (61.67) 40.35 <0.001

80 keV 0 (0) 1 (1.67) 11 (18.33) 48 (80) 0 (0) 48 (80) 65.70 <0.001

90 keV 0 (0) 0 (0) 48 (80) 12 (20) 0 (0) 12 (20) 4.62 0.032

100 keV 0 (0) 7 (11.67) 50 (83.3) 3 (5) 0 (0) 3 (5) 0.15 0.697

Cerebrovascular 
score

Conventional CTA 0 (0) 38 (63.33) 21 (35.0) 1 (1.67) 0 (0) 1 (1.67) - -

60 keV 0 (0) 0 (0) 30 (50) 30 (50) 0 (0) 30 (50) 36.58 <0.001

70 keV 0 (0) 0 (0) 3 (5) 56 (93.33) 1 (1.67) 57 (95) 104.65 <0.001

80 keV 0 (0) 0 (0) 16 (26.67) 43 (71.67) 1 (1.67) 44 (73.3) 44.71 <0.001

90 keV 0 (0) 2 (3.33) 50 (83.33) 8 (13.33) 0 (0) 8 (13.33) 5.89 0.015

100 keV 0 (0) 17 (28.33) 43 (71.67) 0 (0) 0 (0) 0 (0) 1.01 0.315

VMI, virtual monoenergetic imaging; CTA, computed tomography angiography.

a

d

b

e

c

f

Figure 5. A 61-year-old woman underwent surgical clipping for a left middle cerebral artery aneurysm. Axial 
reformatted of a blended 115 kV image (a) and virtual monoenergetic imaging at 60 (b), 70 (c), 80 (d), 90 
(e), and 100 keV (f) are shown. Virtual monoenergetic imaging at 70 (c) and 80 keV (d) shows the best 
compromise between the reduction of artifacts and contrast vessel visibility.
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Due to the different methods and posi-
tions of metal clip implantation, the cerebral 
arteries of some patients are not necessarily 
affected by the artifacts of the head and tail 
of the clip simultaneously; therefore, we se-
lected the vessel with the worst artifacts as 
ROI D.  With the increase in keV level, ΔCTD, 
ΔCTE, AID, and AIE gradually decreased, indi-
cating that the vascular artifacts gradually 
decreased. Nevertheless, except for the CNRE 
of 60 keV, there was no significant difference 
in CNRD and CNRE between VMIs and conven-
tional CTA, indicating no significant increase 
in vascular contrast. In qualitative analysis, 
the proportions of cerebrovascular score ≥4 
in VMIs were significantly higher than those 
of conventional CTA, except for 100 keV. This 
difference may be because CNR reflects the 
actual discernibility of vascular contrast in 
the presence of noise, whereas subjective 
scores evaluate the vascular contrast by com-
paring it with the surrounding brain paren-
chyma. This needs further investigation.

High-keV VMIs can reduce beam harden-
ing artifacts,19 a phenomenon that has also 
been verified in our study. However, the con-
trast of high-keV images decreased, and the 
density resolution of vessels and brain paren-
chyma diminished. Our results showed that 
the ΔCT and AI values of 90 and 100 keV were 
lower than those of 70 and 80 keV, but the 
proportions of brain parenchyma and cere-
brovascular scores ≥4 were also significantly 
lower than those of 70 and 80 keV. The pro-
portions of brain parenchyma and cerebro-
vascular scores ≥4 of 70 keV were 61.67% and 
95%, respectively, and the proportions of 80 
keV were 80% and 73.3%, respectively, which 
were higher than those of conventional CTA, 
60 keV, 90 keV, and 100 keV. Therefore, we 
believe that 70–80 keV is the optimal energy 
range for evaluation after cerebral aneurysm 
clipping. Dunet et al.11 reported that the best 
compromise between MAR and relative CNR 
was obtained at 70–75 keV for GSI DECTA, 
but they did not compare their results with 
conventional CTA as we did, and the relative 
CNRs of the contralateral middle cerebral ar-
tery and internal carotid artery far from the 
clip were not representative of the visibility 
of the vessels adjacent to the clip. In addition, 
we found that metal artifacts of clips near the 
skull base were higher than those away from 
the skull base, whereas their results showed 
that the clips’ location and number did not 
influence the ability of GSI with or without 
MAR to reduce metal artifacts. This problem 
needs further study.

There were several limitations in our 
study. First, due to the relatively small patient 

cohort, there is no classification of different 
materials and sizes of clips; for example, co-
balt alloy clips are known to produce more 
artifacts than titanium clips.20 In addition, 
we only consider the patients treated by one 
clip, whereas it seems obvious that metal 
artifacts increase with the number of clips. 
Therefore, it is necessary to increase the 
sample size to further study the application 
value of the DECTA-based VMI technique for 
clips of different materials, sizes, and num-
bers. Second, this study is retrospective, so 
blended 115 kV images were used instead 
of conventional CTA. There may be some dif-
ferences between them, although previous 
studies have reported that blended images 
are similar to conventional CT.21 In addition, 
it is unethical to perform two CTA scans (sin-
gle-energy and dual-energy) in the same 
patient. Finally, we did not compare the VMI 
with other MAR techniques.

 In conclusion, our research demonstrated 
that for patients who underwent DECTA after 
cerebral aneurysm clipping, the 70–80 keV 
VMIs are expected to be the optimal energy 
range for balancing metal artifacts and cere-
brovascular visibility. The clip artifacts of 70 
keV images are lower than those of conven-
tional CTA, and the cerebrovascular contrast 
can meet the clinical evaluation. Images at 
80 keV can further reduce clip artifacts and 
better show the changes in the surrounding 
brain parenchyma. We recommend using 
them together.
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Supplementary Table S1. Five-point Likert scale for evaluation of the artifacts severity of brain parenchyma and the cerebrovascular visibility

Points Brain parenchyma score Cerebrovascular score

1 Severe artifacts, mostly not diagnostic Severe artifacts,  mostly not diagnostic

2 Poor image quality, partly non-diagnostic Reduced vessel delineation, partly non-diagnostic

3 Moderate image quality, limitedly diagnostic Partly limited vessel contrast, limitedly diagnostic

4 Good image quality, enough for diagnostic Good vessel delineation, enough for diagnostic

5 Perfect image quality, no artifacts Excellent vessel delineation, no artifacts

Supplementary Table S2. Details of clips used in the study

No. Model Material Blade length 
(mm) Shape Maximum 

opening (mm)
Closing 
force (N)

Closing 
force (g) Specification

1 FT740T Titanium 7.0 Straight 6.2 1.47 150 Yasargil, Braun Medical, Tuttlingen, Germany

2 FT742T Titanium 6.5 Curved 6.0 1.47 150 Yasargil, Braun Medical, Tuttlingen, Germany

3 FT750T Titanium 9.0 Straight 7.0 1.77 180 Yasargil, Braun Medical, Tuttlingen, Germany

4 FT752T Titanium 8.3 Curved 6.8 1.77 180 Yasargil, Braun Medical, Tuttlingen, Germany

5 FT760T Titanium 11.0 Straight 7.8 1.77 180 Yasargil, Braun Medical, Tuttlingen, Germany

6 FT762T Titanium 10.2 Curved 7.5 1.77 180 Yasargil, Braun Medical, Tuttlingen, Germany

7 FT782T Titanium 13.7 Curved 8.7 1.96 200 Yasargil, Braun Medical, Tuttlingen, Germany

Supplementary Table S3. Study patients’ characteristics (n = 60)

Characteristics Mean ± SD or n

Age (years) 55.15 ± 9.24

Male/female 23/37

Aneurysm localization (left/right)

Anterior communicating artery 17

Anterior cerebral artery 2/1

Middle cerebral artery 17/6

Posterior cerebral artery 1/0

Internal carotid artery 8/6

Posterior communicating artery 0/2

Postoperative complication

None 9

Cerebral hemorrhage 20

Cerebral infarction 7

Encephaledema 33

Hydrocephalus 12

Epidural or subdural hematoma 20

Subarachnoid hemorrhage 12

Cerebral vasospasm 8

Residual aneurysm 2

SD, standard deviation.
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Supplementary Table S4.  Inter-reader and Intra-reader ICCs regarding attenuation and SD values of ROIs in the six groups of images

Parameters Conventional CTA 60 keV 70 keV 80 keV 90 keV 100 keV

Attenuation

ROI A 0.901/0.912 0.953/0.924 0.940/0.936 0.921/0.995 0.981/0.981 0.978/0.946

ROI B 0.893/0.951 0.898/0.979 0.972/0.970 0.982/0.931 0.940/0.944 0.937/0.945

ROI C 0.906/0.956 0.921/0.945 0.907/0.952 0.971/0.967 0.977/0.916 0.934/0.930

ROI D 0.926/0.945 0.936/0.992 0.923/0.957 0.960/0.943 0.923/0.920 0.942/0.925

ROI E 0.967/0.934 0.935/0.929 0.898/0.925 0.965/0.918 0.956/0.995 0.936/0.911

OLP 0.925/0.937 0.977/0.935 0.943/0.911 0.950/0.955 0.956/0.970 0.902/0.969

BA 0.907/0.990 0.907/0.981 0.923/0.937 0.934/0.942 0.914/0.990 0.892/0.913

SD

ROI A 0.907/0.953 0.949/0.937 0.923/0.974 0.938/0.957 0.934/0.985 0.911/0.929

ROI B 0.932/0.947 0.906/0.967 0.981/0.953 0.937/0.918 0.975/0.918 0.892/0.965

ROI C 0.899/0.990 0.954/0.927 0.959/0.988 0.963/0.923 0.931/0.945 0.901/0.940

ROI D 0.948/0.918 0.909/0.976 0.907/0.961 0.940/0.939 0.904/0.985 0.942/0.978

ROI E 0.972/0.924 0.934/0.972 0.953/0.945 0.939/0.955 0.923/0.930 0.953/0.957

OLP 0.912/0.916 0.972/0.972 0.928/0.989 0.955/0.940 0.985/0.929 0.926/0.960

BA 0.974/0.966 0.928/0.977 0.928/0.929 0.943/0.982 0.971/0.986 0.980/0.980

Please note that these values were inter-reader ICC/intra-reader ICC. ROI, region of interest; CTA, computed tomography angiography; SD, standard deviation; OLP, occipital lobe 
parenchyma; BA, basilar artery; ICC, intraclass correlation coefficient.

Supplementary Table S5. Comparison of the severity of metal artifacts between clips near or away from the skull base in the six groups of 
images

ΔCTnear (HU) ΔCTaway (HU) Z P AInear (HU) AIaway (HU) Z P

Conventional CTA 288.51 ± 103.21 208.27 ± 80.27 -3.252 0.001 93.80 ± 49.66 62.63 ± 42.24 -2.756 0.006

60 keV 347.88 ± 115.83 249.64 ± 101.54 -3.252 0.001 104.76 ± 57.39 71.25 ± 48.83 -2.483 0.013

70 keV 239.27 ± 79.55 168.64 ± 66.31 -3.397 0.001 73.76 ± 39.62 51.07 ± 33.50 -2.451 0.014

80 keV 164.50 ± 59.43 119.28 ± 45.45 -2.804 0.005 53.54 ± 28.80 38.70 ± 23.04 -2.163 0.031

90 keV 112.42 ± 45.83 81.81 ± 29.60 -2.980 0.003 39.23 ± 22.11 30.16 ± 16.55 -1.730 0.084

100 keV 74.92 ± 37.98 56.27 ± 21.32 -2.451 0.014 30.82 ± 18.67 25.83 ± 13.47 -0.961 0.336

ΔCTnear, ΔCT of clips near the skull base; ΔCTaway, ΔCT of clips away from the skull base; AInear, artifact index of clips near the skull base; AIaway, artifact index of clips away from the 
skull base; Z/P, statistics/significance of Mann-Whitney U test; HU, hounsfield unit; CTA, computed tomography angiography.

Supplementary Table S6. Cohen’s kappa coefficients of the scores between radiologists 1 and 2 in the six groups of images

Score Conventional CTA 60 keV 70 keV 80 keV 90 keV 100 keV

Brain parenchyma score 0.633 0.771 0.666 0.725 0.832 0.691

Cerebrovascular score 0.797 0.694 0.706 0.691 0.694 0.697

CTA, computed tomography angiography.


