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Abstract
Objectives To evaluate the predictive value of virtual monoenergetic images (VMIs) by assessing tumor conspicuity on dual-
layer spectral detector CT (SDCT) and correlate tumor conspicuity on VMI with prognostic biomarkers in patients with breast
cancer.
Methods Sixty-four patients underwent arterial phase and 90-s delayed phase dual-layer SDCT. A retrospective tumor conspi-
cuity analysis of 14 benign tumors and 65 breast cancers was performed using conventional images (CIs) and VMI at 40 keV
(VMI40) on arterial and delayed phase scans (CIART, VMI40ART, CIDE, VMI40DE). Mean Hounsfield units (HU) of tumors were
measured on VMI40ART and VMI40DE. A receiver operating characteristic (ROC) curve analysis was performed to compare
diagnostic accuracy between image sets. Estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor
receptor 2 (HER2), and Ki67 levels were evaluated using histopathology. Correlations between VMI analyses and histological
characteristics of cancers were analyzed.
Results Cancers on VMI40 had a significantly higher conspicuity score and mean HU than benign tumors (p < 0.001). VMI40DE
showed the highest conspicuity for cancers (mean, 3.79) and the greatest area under the ROC curve (0.817; 95% confidence interval
0.745–0.889). VMI40DE yielded significantly higher mean HU for cancers than VMI40ART (p < 0.001). The conspicuity score and
mean HU on VMI40ART were significantly higher in cancers with ER negativity, PR negativity, and Ki67 positivity (p < 0.05).
Conclusions VMI40DE may be useful in the diagnosis of breast cancers due to higher tumor conspicuity and better enhancement
than VMI40ART. VMI40ART may be beneficial for the prediction of poor breast cancer prognoses.
Key Points
• VMI40 improved conspicuity of breast cancer than CI.
• VMI40DE yielded higher diagnostic performance of breast cancer than VMI40ART.
• VMI40ART has an additional benefit in terms of prognosis prediction in patients with breast cancers.
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AUC Area under the receiver operating characteristic

curves

CEDM Contrast-enhanced digital mammography
CET Contrast-enhanced tomosynthesis
CI Conventional image
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CTDIvol CT dose index volume
DLP Dose length product
ER Estrogen receptor
HER2 Human epidermal growth factor receptor 2
HU Hounsfield units
ICC Intraclass correlation coefficient
keV Kiloelectron volt
MG Mammography
PR Progesterone receptor
ROI Region of interest
SDCT Spectral detector CT
TTP Time-to-peak enhancement
US Ultrasound
VMI Virtual monoenergetic image

Introduction

Breast cancer is the second leading cause of female cancer-
related deaths, globally [1]. Breast cancers undergo an angio-
genesis process, which plays an essential role in tumor growth
and metastasis [2, 3]. These new blood vessels are leaky and
of poor quality, thereby causing blood to pool around the
lesion. Based on this mechanism, iodinated contrast media
can improve the visualization of breast cancer. The sensitivity
of contrast-enhanced digital mammography (CEDM) and
contrast-enhanced tomosynthesis (CET) is not significantly
different from breast MRI [4–7]; however, these modalities
have limitations in evaluating axillary lymph nodes and can
lead to discomfort as a result of breast compression. Contrast-
enhanced dedicated breast CT has also been shown to be
accurate at identifying breast cancers [8–11]; however, this
modality is still limited when it comes to the evaluation of
axillary lymph nodes and requires a specific CT vendor.

Recently, virtual monoenergetic images (VMIs), derived
from dual-layer spectral detector CT (SDCT) systems, have
been found to be clinically useful by improving lesion conspi-
cuity, decreasing artifacts, reducing radiation doses, and ma-
terial characterization [12].When used at low kiloelectron volt
(keV) levels near the k-edge (33 keV) of iodine, attenuation
values are increased tremendously, which improves vascular
contrast and lesion conspicuity at a higher quality than con-
ventional imaging [13–16]. To the best of our knowledge, the
usability of VMI at low keV derived from dual-layer SDCT
for breast cancer has not been investigated. Thus, this inves-
tigation aimed to evaluate the predictive value of VMI by
assessing tumor conspicuity on dual-layer SDCTand correlate
tumor conspicuity on VMI with prognostic biomarkers in pa-
tients with breast cancer.

Materials and methods

Patients

The Institutional Review Board of Gyeongsang National
University Changwon Hospital approved this retrospective
study and waived the requirement for written informed con-
sent. The study population comprised 64 female patients (aged
35 years to 84 years, median age 51 years) who were histo-
pathologically diagnosed with breast cancer and underwent
contrast-enhanced chest CT using a dual-layer SDCT system
for oncological staging between June 2016 andMay 2018. All
patients also underwent digital mammography (MG), breast
ultrasound (US), and stereotactic or US-guided biopsies of
suspicious lesions.

CT protocol

CTwas performed on a dual-layer SDCT unit (IQon Spectral
CT, Philips Health Systems) with the following scanning pa-
rameters: 120 kVp; 33–83 mA; pitch factor, 0.609; rotation
time, 0.4 s; collimation, 64 mm× 0.625 mm; slice thickness,
2 mm; slice increment, 2 mm; and smooth filter (filter A). For
breast CT scanning in the prone position, an additional pad
was prepared and placed on the standard CT table (Fig. 1).
Patients lay prone on the padded table and raised both arms
while their breasts were positioned within the rectangular
hole. From the lower neck to the lower edge of the liver was
scanned. A total of 95 mL of iodinated contrast medium
(iohexol, Omnipaque 350, GE Healthcare) was injected via a
peripheral vein at a rate of 2–2.5 mL/s followed by 43 mL of
saline injected at the same rate. Individual contrast injection
timing was controlled using bolus tracking in the aortic arch
with the threshold set at 150 Hounsfield units (HU) followed
by a 10-s delay before arterial phase scanning. Delayed phase

Fig. 1 Additional CT table pad for image acquisition with the patient in
the prone position. This pad was placed on the standard CT table for
proper spreading of breast tissues when examined. Patients lay prone on
the additional table pad, and the patient’s breasts were positioned within
the rectangular hole
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images were obtained 90 s after the initiation of the contrast
injection. The average scan time was less than 2 min.

CT post-processing

Conventional images (CIs) were generated by the summation
of raw data from the lower and upper layers. All spectral
results were displayed in the same manner as CI using com-
mercial software (Spectral Diagnostic Suite, Philips). CIs were
reconstructed at 120 kVp and VMIs at 40 keV (VMI40). In the
arterial phase, CI (CIART) and VMI40 (VMI40ART) were in-
vestigated, and in the 90-s delayed phase, CI (CIDE) and
VMI40 (VMI40DE) were investigated.

To analyze radiation exposure, the CT dose index volume
(CTDIvol) and the dose length product (DLP) were recorded
for each CT examination. The effective radiation dose was
calculated by multiplying the DLP by a conversion factor
(0.014 mSv/mGy·cm) [17, 18].

Lesion conspicuity analysis

Two readers with 4 years of experience in breast imaging and
4 years of experience in musculoskeletal imaging evaluated
lesion conspicuity independently in a randomized manner on
CIART, VMI40ART, CIDE, and VMI40DE. Both were blinded to
the final histological results. Conspicuity scores were deter-
mined using a 4-point Likert scale (1 = non-diagnostic; 2 =
lesion present, features indeterminate; 3 = confidently
assessed; 4 = very confidently assessed). For lesions on CT,
conspicuity scores represent the visibility of enhancement and
may be considered as a marker for the probability of malig-
nancy. The two readers assessed lesion conspicuity in all im-
age sets again after a washout period of 6 months in order to
analyze intra-reader agreement.

Quantitative image analysis

Lesion size and mean HU that correlated with US or MG
findings were measured on VMI40ART and VMI40DE in the
axial plane that showed the maximum dimension and best
conspicuity with highest enhancement. Care was taken to
avoid areas of necrosis. If no lesion could be identified, re-
gions of interest (ROIs) were manually traced to correspond to
the location of the identified lesion on VMI40DE. The HU of
the pectoralis major muscle were also evaluated by placing
circular ROIs on a central slice containing the aortic arch.
All measurements were performed twice and averaged. For
the relative enhancement ratio calculations, the HU of lesions
were divided by the HU of the pectoralis major muscle.
Representative cases are shown in Fig. 2.

Histopathological analysis

Histologic reports which evaluated the prognostic biomarker
status of the breast cancer were reviewed. Tumor size was
divided into two categories (≤ 2 cm or > 2 cm) for statistical
analysis. Tumors were graded as 1, 2, or 3 according to the
Nottingham scoring system where higher-grade cancers are
more aggressive [19, 20]. Tumor grades were then dichoto-
mized into “low” (grades 1 and 2) and “high” (grade 3).
Immunohistochemical staining results for estrogen receptor
(ER), progesterone receptor (PR), human epidermal growth
factor receptor 2 (HER2), and Ki67 were evaluated. The re-
sults were dichotomized into “positive” and “negative.” For
assessing ER and PR, the Allred scoring system was used and
a score of more than 2 was considered positive [21]. HER2
overexpression was considered positive when membranes
were graded 3+ or 2+ on immunohistochemistry, with HER2
gene amplification in silver-stained in situ hybridization. The
Ki67 index was determined to be positive if the expression
was 20%. According to the ER, PR, HER2, and Ki67 results,
molecular subtypes of breast cancers were classified into “lu-
minal A,” “luminal B,” “HER2 overexpression,” or “triple
negative cancer” [22].

Statistical analysis

The conspicuity score of the tumors was expressed in numer-
ical values. Comparisons of conspicuity scores among the four
image sets were performed using the Wilcoxon signed-rank
test. To compare variables of malignant and benign lesions,
the Mann-WhitneyU test was used in the conspicuity analysis
and independent t tests were used in the quantitative analysis.
Diagnostic accuracy for detecting breast cancers on each im-
age was assessed by calculating the area under the receiver
operating characteristic curves (AUC) and the corresponding
95% confidence intervals (95% CIs). The AUCs were com-
pared using the method described by DeLong et al [23].
Comparison tests between conspicuity scores and mean HU
and prognostic biomarkers, such as tumor size and grade and
ER, PR, HER2, and Ki67 status, were performed using the
Mann-Whitney U test. Furthermore, conspicuity scores and
meanHU among themolecular subtypes of breast cancer were
analyzed using the Kruskal-Wallis test. Pairwise comparisons
with Bonferroni corrections were performed for significant
results. Statistical significance was defined as p ≤ 0.05. Intra-
reader agreement and inter-reader agreement were evaluated
using quadratic-weighted Cohen’s kappa coefficients (κ) in
the conspicuity analysis [24]. To assess inter-reader agreement
in the quantitative analysis, we used the intraclass correlation
coefficient (ICC) with a two-way random model of consisten-
cy [25, 26]. Intra- and inter-reader agreement evaluation in-
cluded 65 malignant lesions and 14 benign lesions. Data pro-
cessing and statistical analysis were performed using SPSS
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(version 24.0, IBM Corp) and MedCalc (version 18.11,
MedCalc).

Results

Patients

The characteristics of 64 patients (one patient with bilateral
breast cancers) with 65 pathologically proven invasive breast
cancers are presented in Table 1. Median age was 51 years
(range, 35–84 years). Tumor size ranged from 7.0 to

116.7 mm (mean, 33.2 mm). The median interval between
CT and US was 8 days (range, 0–30 days). The average
CTDIvol, DLP, and average effective dose of each arterial or
delayed phase image were 4.2 mGy (range, 2.9–7.1 mGy),
166.0 mGy·cm (range, 103.5–290.4 mGy·cm), and 2.3 mSv
(range, 1.4–4.1 mSv), respectively.

Lesion conspicuity analysis

The mean conspicuity score of the cancers was significantly
higher than that of the benign lesions in all image sets
(p < 0.001) (Table 2). The conspicuity score of the cancers
on delayed phase images (CIDE and VMI40DE) was statisti-
cally superior to that on arterial phase images (CIART and
VMI40ART) (p < 0.001). All cancers were detected on delayed
phase images by both readers, but six cancers were not detect-
ed on arterial phase images. In addition, VMI40 revealed a
higher conspicuity score for cancers than CI on arterial and
delayed phase images (p < 0.001). Of the four image sets,
VMI40DE revealed the best depiction of cancers, with a mean
conspicuity score of 3.79 (range, 2–4). The AUC of the con-
spicuity scores for detecting cancers in consensus had the
greatest value on VMI40DE (0.817; 95% CI = 0.745, 0.889)
(Fig. 3). However, there was no significant difference in
AUCs among VMI40DE, VMI40ART, and CIDE (p > 0.05).
The AUC of CIART was significantly lower than that of other
image sets (p < 0.05). In addition, the overall intra-reader
agreement and inter-reader agreement for assessing lesion
conspicuity of all image sets were good to excellent

Table 1 Characteristics of 64 women with 65 invasive breast cancers

Characteristics No. of patients (N = 64)

Age, median (range) (years) 51 (35–84)

Stage of initial cancer, no. of patients (%)

Invasive, stage I 15 (23.4)

Invasive, stage II 27 (42.2)

Invasive, stage III 19 (29.7)

Invasive, stage IV 3 (4.7)

Type of lesion (%) (N = 65)

Invasive ductal carcinoma 56 (86.2)

Mucinous carcinoma 4 (6.2)

Carcinoma with medullary features 3 (4.6)

Invasive lobular carcinoma 1 (1.5)

Carcinoma with neuroendocrine features 1 (1.5)

Fig. 2 Images from a 48-year-old woman with invasive ductal carcino-
ma. a Conventional images of arterial phase (CIART). b Virtual
monoenergetic image at 40 keV of arterial phase (VMI40ART). c
Conventional images of delayed phase (CIDE). d Virtual monoenergetic
image at 40 keV of delayed phase (VMI40DE). CT images of the right
breast show a 2.0-cm irregular enhancing mass (arrows) at 9 o’clock

position in all images. Conspicuity scores and mean Hounsfield units
(HU) were 2 and 82.9 HU on CIART, 3 and 116.3 HU on VMI40ART, 3
and 148.2 HU on CIDE, and 4 and 361.5 HU on VMI40DE. Note that
conspicuity scores and mean HU of cancer are the best on VMI40DE, due
to the high contrast of iodine
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(κ = 0.61–0.89, p < 0.001) and the inter-reader agreement for
VMI40 was higher than that for CI, regardless of scan timing
(Table 2).

Quantitative image analysis

ROIs ranged in size from 18.1 to 4085.3 mm2 (mean,
437.5 mm2). The mean HU of the cancers was significantly
higher than that of the benign lesions on VMI40ART and
VMI40DE (p < 0.001) (Table 3). Cancers had significantly
higher attenuation values on VMI40DE than on VMI40ART
(p < 0.001). A similar tendency was shown in the relative

enhancement ratios. The AUC of the mean HU for detecting
breast cancer in consensus was 0.828 (95%CI = 0.760, 0.883)
on VMI40ART and 0.766 (95% CI = 0.720, 0.852) on
VMI40DE, with no significant difference between the two
(p = 0.325) (Fig. 4). The ICC values for inter-reader agree-
ment indicated excellent agreement on both VMI40ART

(ICC = 0.914, p < 0.001) and VMI40DE (ICC = 0.943,
p < 0.001).

Correlation between VMI analysis and prognostic
biomarkers

The conspicuity score on VMI40ART was significantly
higher in cancers with a diameter > 2 cm, a high histolog-
ic tumor grade, ER negativity, PR negativity, HER2 pos-
itivity, and Ki67 positivity (p < 0.05) (Table 4). The mean
HU of cancers on VMI40ART was significantly higher in
cancers with a diameter > 2 cm, ER negativity, PR nega-
tivity, and Ki67 positivity (p < 0.05) (Table 4). The mean
HU of cancers was higher in cancers with HER2 positiv-
ity than in those with HER2 negativity with borderline
significance on VMI40ART (p = 0.052). Histologic tumor
grade did not show any significant differences in the mean
HU between cancers on VMI40ART (p = 0.280). In addi-
tion, there was no significant correlation between any
prognostic factors and conspicuity scores and the mean
HU of cancers on VMI40DE (p > 0.05).

Correlation between VMI analysis and molecular
subtypes of breast cancer

Conspicuity scores and mean HU of cancers on
VMI40ART significantly differed across the four molecular
subtypes (p < 0.001 for conspicuity scores and p = 0.020
for mean HU) (Table 5). Luminal A cancers showed a

Table 2 Comparative results of
tumor conspicuity scores between
the four image sets and inter-
reader agreement

Conspicuity
scoring (1–4)

VMI40ART CIART VMI40DE CIDE

Cancer (N = 65) 2.74 ± 0.98 1.92 ± 0.81 3.79 ± 0.49 2.71 ± 0.74

Benign (N = 14) 1.59 ± 0.80 1.43 ± 0.74 2.64 ± 1.02 1.89 ± 0.71

p value < 0.001 < 0.001 < 0.001 < 0.001

Intra-reader κ (95% CI)

Reader 1 0.84 (0.78, 0.90) 0.75 (0.63, 0.86) 0.89 (0.82, 0.96) 0.79 (0.69, 0.88)

Reader 2 0.71 (0.62, 0.81) 0.61 (0.45, 0.76) 0.66 (0.50, 0.83) 0.67 (0.56, 0.79)

Inter-reader κ (95%
CI)

0.81 (0.75, 0.86) 0.66 (0.57, 0.74) 0.81 (0.72, 0.90) 0.69 (0.61, 0.77)

Data represent the mean ± standard deviation. p values were calculated using the Mann-Whitney U test

CI confidence interval, CIART conventional images of arterial phase, CIDE conventional images of delayed phase,
VMI40ART virtual monoenergetic image at 40 keV of arterial phase, VMI40DE virtual monoenergetic image at
40 keVof delayed phase

Fig. 3 Comparison of areas under the curve for diagnostic accuracy
according to conspicuity scores of tumors in each image set. AUC the
area under the receiver operating characteristic curves, CI conventional
images, VMI40 virtual monoenergetic image at 40 keV
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significantly lower conspicuity score than luminal B,
HER2 overexpression, and triple negative cancers on
VMI40ART (p ≤ 0.002 for all). Moreover, triple negative
cancers had a significantly higher conspicuity score than
luminal B cancers on VMI40ART (p = 0.005). There was
no significant difference in cancer conspicuity between
HER2 overexpression and triple negative cancers on
VMI40ART. Regarding mean HU, triple negative cancers
had a significantly higher mean HU than luminal A can-
cers on VMI40ART (p = 0.037). There was no significant
difference in mean HU between other subtypes of cancers
on VMI40ART. However, there was no significant correla-
tion between conspicuity scores or mean HU of cancers

on VMI40DE and molecular subtypes of breast cancers
(p > 0.05).

Discussion

The preliminary results demonstrate the possibility of a breast
cancer diagnosis using contrast-enhanced dual-layer SDCT
with VMI40. VMI40DE demonstrates the greatest diagnostic
performance among four image sets. In addition, poorer prog-
nostic factors correlated with higher conspicuity and mean
attenuation only on VMI40ART, indicating an additional ben-
efit of VMI40ART in predicting the prognosis of patients with
breast cancer.

VMIs at low keV offer a potential additional modality in
oncologic imaging by increasing the iodine enhancement of
cancers. A recent study demonstrated that conspicuity and
iodine enhancement of breast cancers were significantly
higher at VMI40 than at other energy levels (60 keV,
80 keV, and 100 keV) [14]. Regarding scan timing, one pre-
vious report demonstrated that 90-s delayed phase scans rep-
resent the best scan time to show peak enhancement of breast
cancers [27]. Based on these previous studies, the purpose of
this investigation was to evaluate the usefulness of VMI40
compared to CI and to demonstrate the clinical feasibility of
the 90-s delayed phase scan in patients with breast cancer
compared to arterial phase scan. The results showed that
VMI40DE yielded the highest conspicuity and mean HU for
cancers with the greatest AUC among all image sets. It is
noteworthy that all cancers were detected on VMI40DE, but
that six cancers were not visualized on VMI40ART. VMI40DE
thus appears to be the best protocol for the detection of breast
cancers among the four image sets tested here.

In this study, significant correlations between prognostic
factors and cancer conspicuity on VMI40ART were demon-
strated. Recently, Park et al [28] investigated the quantifica-
tion of breast cancer vascularity using low-dose perfusion CT.

Table 3 Comparative results of
mean Hounsfield units of the
tumors for VMI40ART and
VMI40DE

VMI40ART (HU) p value* VMI40DE (HU) p value† p value‡

Cancer (N = 65) 97.4 ± 46.3 < 0.001 201.0 ± 63.5 < 0.001 < 0.001

Benign (N = 14) 48.0 ± 31.7 – 117.4 ± 79.0 – < 0.001

Cancer/muscle 2.2 ± 1.3 < 0.001 2.8 ± 1.1 < 0.001 < 0.001

Benign/muscle 0.9 ± 0.5 – 1.4 ± 0.9 – 0.005

Data represent the mean ± standard deviation. Two readers evaluated images in consensus

HU Hounsfield units, VMI40ART virtual monoenergetic image at 40 keV of arterial phase, VMI40DE virtual
monoenergetic image at 40 keVof delayed phase

*p values indicate comparisons between benign lesions and cancers on VMI40ART
† p values indicate comparisons between benign lesions and cancers on VMI40DE
‡ p values indicate comparisons between variables on VMI40ART and VMI40DE

Fig. 4 Comparison of areas under the curve for diagnostic accuracy
according to mean Hounsfield units of tumors in each image set. AUC
the area under the receiver operating characteristic curves, VMI40 virtual
monoenergetic image at 40 keV
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They showed that perfusion was significantly higher and time-
to-peak enhancement (TTP) was significantly shorter in can-
cers with high-grade, ER negativity, PR negativity, and HER2
positivity [28]. In summary, poor prognostic cancers show
higher perfusion and short TTP. This could explain why can-
cers with poorer prognostic factors demonstrated earlier en-
hancement (i.e., arterial phase) with higher mean HU in this
study. No correlation between attenuation value of cancers
and prognostic factors was found on VMI40DE, and it was
assumed that cancer enhancement on VMI40DE was too
boosted to distinguish the prognostic characteristics of breast
cancers.

The usefulness of CT in breast imaging has been limited by
radiation dose considerations. While MRI has the highest sen-
sitivity for detecting breast cancers without radiation expo-
sure, barriers to its widespread use include the high cost, the

relatively long scanning time, and contraindications related to
the administration of gadolinium-based contrast material.
Recently, abbreviated breast MRI has been proposed as a
faster alternative, but this method still needs a MRI system
and the scan time is longer compared to CT [29]. The average
scan time of the CT protocol used in this investigationwas less
than 2 min; thus, most patients did not complain of inconve-
nience while in the prone position. Furthermore, the average
effective dose was 2.3 mSv for each phase, which is very low
compared with standard chest CT (7 mSv) [30]. Although
two-view digital mammography can be performed with low
average effective doses (0.44 mSv), dense breast tissue may
obscure cancers, decreasing the sensitivity of mammography
[31, 32]. The sensitivity of breast cancers on contrast-
enhanced CT may not be affected by breast density. Chest
CT is often used in the preoperative evaluation of patients with

Table 4 Correlations of conspicuity scores and mean Hounsfield units of cancers on VMI with prognostic biomarkers

Cancer (N = 65) CS VMI40DE p value CS VMI40ART p value HU VMI40DE p value HU VMI40ART p value

Tumor size

≤ 2 cm (N = 19) 3.74 ± 0.47 0.273 2.43 ± 1.02 0.001 190.4 ± 68.0 0.224 77.2 ± 40.6 0.001

> 2 cm (N = 46) 3.81 ± 0.49 2.87 ± 0.94 205.3 ± 61.4 105.8 ± 46.1

Tumor grade

Low (N = 43) 3.80 ± 0.47 0.710 2.55 ± 0.96 < 0.001 208.5 ± 67.7 0.058 94.3 ± 47.8 0.280

High (N = 22) 3.77 ± 0.52 3.11 ± 0.93 186.3 ± 51.8 103.6 ± 43.1

ER

Positive (N = 47) 3.76 ± 0.52 0.041 2.53 ± 0.97 < 0.001 200.7 ± 68.5 0.917 91.0 ± 46.7 0.011

Negative (N = 18) 3.88 ± 0.37 3.29 ± 0.80 201.8 ± 49.0 114.1 ± 41.3

PR

Positive (N = 39) 3.76 ± 0.51 0.299 2.46 ± 0.95 < 0.001 198.2 ± 61.7 0.552 88.6 ± 42.4 0.007

Negative (N = 26) 3.83 ± 0.45 3.17 ± 0.88 205.0 ± 66.4 110.6 ± 49.1

HER2

Positive (N = 20) 3.79 ± 0.52 0.983 2.95 ± 0.90 0.023 207.8 ± 60.8 0.414 109.2 ± 47.7 0.052

Negative (N = 45) 3.79 ± 0.47 2.65 ± 1.05 197.9 ± 64.7 92.1 ± 44.9

Ki67

Positive (N = 49) 3.80 ± 0.47 0.468 2.91 ± 0.92 < 0.001 201.5 ± 63.4 0.876 103.4 ± 47.2 0.009

Negative (N = 16) 3.75 ± 0.53 2.20 ± 0.98 199.4.7 ± 64.6 79.1 ± 38.6

Data represent the mean ± standard deviation. p values indicate comparisons between two groups using the Mann-Whitney U test

CS conspicuity score, ER estrogen receptor, HER2 human epidermal growth factor receptor 2, HU Hounsfield units, PR progesterone receptor,
VMI40ART virtual monoenergetic image at 40 keVof arterial phase, VMI40DE virtual monoenergetic image at 40 keVof delayed phase

Table 5 Correlations of
conspicuity scores and mean
Hounsfield units of cancers on
VMI with molecular subtypes of
breast cancer

Cancer (N = 65) CS VMI40DE CS VMI40ART HU VMI40DE HU VMI40ART

Luminal A (N = 16) 3.75 ± 0.53 2.20 ± 0.98 199.4 ± 64.6 79.1 ± 38.6

Luminal B (N = 31) 3.76 ± 0.52 2.70 ± 0.92 201.3 ± 70.9 97.2 ± 49.6

HER2 overexpression (N = 8) 3.81 ± 0.47 3.34 ± 0.83 202.0 ± 54.0 114.1 ± 47.6

Triple negative (N = 10) 3.93 ± 0.27 3.25 ± 0.78 201.6 ± 46.0 114.0 ± 36.7

p value 0.251 < 0.001 0.999 0.020

CS conspicuity score, HER2 human epidermal growth factor receptor 2, HU Hounsfield units, VMI40ART virtual
monoenergetic image at 40 keV of arterial phase, VMI40DE virtual monoenergetic image at 40 keV of delayed
phase
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clinical stage IIIA and higher locoregional disease [33]. One
previous study, analyzing the value of preoperative chest CT
in patients with primary breast cancer, showed that asymptom-
atic lung metastases were detected in 0.2%, 0%, and 5.3% of
patients with stage I, II, and III disease. Moreover, several
studies suggested contrast-enhanced CT as a useful imaging
modality to diagnose invasive or in situ breast cancer [10, 11,
34–37]. Therefore, contrast-enhanced dual-layer SDCT could
be an alternative imaging modality, especially in patients with
contraindications to MRI and in patients with breast cancer of
a stage higher than III. Due to recent breakthroughs in artifi-
cial intelligence and new techniques such as different X-ray
filters for radiation dose reduction, it is expected that the ap-
plication of these advanced technique could allow breast CT
to be performed with high accuracy and reasonable radiation
exposure.

This study has several limitations. It is limited by its retro-
spective, single-center design and the relatively small number
of patients with benign or malignant lesions. Further studies
using larger sample sizes should be conducted to generalize
our results. Secondly, due to the lack of data for comparison
with MRI, future studies need to determine whether the diag-
nostic performance of dual-layer SDCT is comparable to that
of breast MRI. Thirdly, HU measurements of cancers were
based on an assessment of the index lesion rather than all
tumor foci. The approach taken to trace ROIs manually may
have resulted in bias. In particular, although we tried to draw
the same ROI on VMI40ART by referring to the same image
cut on VMI40DE if cancers were not visible on VMI40ART, the
selection and position of ROIs were still subjective. This may
have caused limited sampling in this study. Finally, as one
specific machine was used, the results cannot be generalized.
Thus, further studies using different dual-energy CTmachines
and reconstruction algorithms are warranted to investigate the
advantages and disadvantages of each setting in more detail.

In conclusion, VMI40DE may be useful for diagnostic use,
as it can improve the conspicuity of breast cancer with better
contrast enhancement than CI. In addition, VMI40ART has an
additional benefit in terms of prognosis prediction. The pre-
sented analysis provides a step forward in the effort to im-
prove the image quality of breast CT, thereby making CT an
image tool option for detecting breast cancer in patients who
cannot undergo breast MRI.
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