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Abstract

Objectives To compare diagnostic accuracy of contrast-enhanced CT, dual-layer detector spectral CT (DL-CT), and whole-body

MRI (WB-MRI) for diagnosing metastatic breast cancer.

Methods One hundred eighty-two biopsy-verified breast cancer patients suspected of metastatic disease prospectively underwent

contrast-enhanced DL-CT and WB-MRI. Two radiologists read the CT examinations with and without spectral data in consensus

with 3-month washout between readings. Two other radiologists read the WB-MRI examinations in consensus. Lymph nodes,

visceral lesions, and bone lesions were assessed. Readers were blinded to other test results. Reference standard was histopathol-

ogy, previous or follow-up imaging, and clinical follow-up.

Results Per-lesion AUC was 0.80, 0.84, and 0.82 (CT, DL-CT, and WB-MRI, respectively). DL-CT showed significantly higher

AUC than CT (p = 0.001) and WB-MRI (p = 0.02). Sensitivity and specificity of CT, DL-CT, and WB-MRI were 0.66 and 0.94,

0.75 and 0.95, and 0.65 and 0.98, respectively. DL-CT significantly improved sensitivity compared to CT (p < 0.0001) and WB-

MRI (p = 0.002). Per-patient AUC was 0.85, 0.90, and 0.92 (CT, DL-CT, and WB-MRI, respectively). DL-CT and WB-MRI had

significantly higher AUC than CT (p = 0.04 and p = 0.03). DL-CT significantly increased sensitivity compared to CT (0.89 vs. 0.79,

p = 0.04). WB-MRI had significantly higher specificity than CT (0.84 vs. 0.96, p = 0.001) and DL-CT (0.87 vs. 0.96, p = 0.02).

Conclusions DL-CT showed significantly higher per-lesion diagnostic performance and sensitivity than CT and WB-MRI. On a

per-patient basis, DL-CT and WB-MRI had equal diagnostic performance superior to CT.

Key Points

* Spectral CT has higher diagnostic performance for diagnosing breast cancer metastases compared to conventional CT and
whole-body MRI on a per-lesion basis.

* Spectral CT and whole-body MRI are superior to conventional CT for diagnosing patients with metastatic breast cancer.

» Whole-body MRI is superior to conventional CT and spectral CT for diagnosing bone metastases.

Keywords Breast neoplasms - Neoplasm staging - Whole-body imaging - Tomography, X-ray computed - Diffusion magnetic
resonance imaging
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PET/CT  Positron emission
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ROC Receiver operating characteristics
WB-MRI  Whole-body magnetic resonance imaging
Introduction

Breast cancer is the most frequent cancer affecting women and
the second leading cause of cancer-related deaths [1]. The 5-
year survival rate is deeply related to the presence of metasta-
ses; dropping from around 85% in patients undergoing cura-
tive intended treatment to < 25% in patients with metastatic
disease [2]. International clinical practice guidelines do not
recommend whole-body imaging in asymptomatic patients
with early-stage disease [3, 4]. In patients with symptoms of
metastatic disease or advanced locoregional disease, a diag-
nostic workup is indicated, but no consensus exists as to
which modality should be used [5]. Often, CT and bone scin-
tigraphy are used, although their sensitivity and specificity for
detecting lytic bone metastases are low [6-9].

Whole-body magnetic resonance imaging (WB-MRI) has
sensitivity and specificity in detecting breast cancer bone metas-
tases comparable to positron emission tomography/computed
tomography (PET/CT) [9, 10]. The introduction of whole-body
diffusion-weighted imaging (DWTI) with background body signal
suppression (DWIBS) [11] improved the ability to detect malig-
nancies through increased tissue contrast and the use of apparent
diffusion coefficient (ADC) values [12]. In addition to lesion
detection, WB-MRI has been shown to be superior to CT for
treatment response assessment of metastatic breast cancer [13]
and a standard for WB-MRI protocols has been proposed [14].

Dual-energy computed tomography (DE-CT) is an emerging
CT technique that provides quantitative measures of material
concentrations and decompositions as well as the ability to sup-
press or enhance materials such as iodine, water, calcium, or uric
acid [15, 16]. Different technical approaches can generate a dif-
ference in attenuation between two different photon energies,
such as dual-layer detector spectral CT (DL-CT) [17], where
the top detector layer detects low-energy photons and the bottom
detector layer detects high-energy photons [16, 18, 19]. This
removes the previous need for changing scan parameters. The
improvement in iodine visualisation and quantitation offered by
DE-CT, as well as the ability to suppress materials, has been
shown to increase the sensitivity for diagnosing a range of pri-
mary tumours [19] as well as bone metastases [20]. In addition,
DL-CT has been shown to increase the confidence of radiologists
and reduce the need for additional examinations in patients
suspected of malignancy [21].

However, studies investigating the diagnostic accuracy of
WB-MRI in metastatic breast cancer have mainly focused on
bone metastases [22] or assessed visceral metastases in small
studies [23] while the diagnostic accuracy of DL-CT remains

to be investigated completely. Because of the importance of
diagnostic imaging for treatment guidance and the lack of
consensus as to which modality should be used, prospective
studies comparing WB-MRI and DL-CT with conventional
imaging techniques for metastasis detection are needed.

The aim of our study was to assess and compare the diag-
nostic accuracy of CT, DL-CT, and WB-MRI in women with
suspected metastatic breast cancer.

Materials and methods
Patients

Patients were prospectively enrolled at the Department of
Oncology and Department of Plastic and Breast Surgery. The
inclusion criteria were as follows: women, age > 18 years, pres-
ent or prior biopsy-verified breast cancer, referred for diagnostic
workup on a suspicion of metastatic disease. The most common
indications for referral were bone pain, weight loss, decreasing
general condition, recurrent ipsilateral breast cancer, suspicious
imaging findings, and advanced locoregional disease. Exclusion
criteria were as follows: previous hypersensitivity reactions to
both iodixanol and iohexol or anaphylactic reactions to any io-
dinated contrast agent, pregnancy, renal insufficiency (estimated
glomerular filtration rate < 30 mL/min), claustrophobia, or for-
eign bodies contraindicating MRI (breast implants were not a
contraindication [24]).

Dual-layer detector spectral CT protocol

All DL-CT examinations were acquired on a 64-row dual-
layer detector spectral CT scanner (IQon, Philips Healthcare)
using the following acquisition parameters: kV peak, 120—
140; mA/s, 150-250; rotation time, 0.75 s; pitch, 1.078; col-
limation, 64 % 0.625 mm; matrix, 512 x 512; acquired slice
thickness, 0.625 mm; reconstructed slice thickness, 2 mm;
increment, 1 mm. lodixanol 320 mg/mL (Visipaque 320, GE
Healthcare) was administered intravenously in weight-
adjusted doses of 2 mL/kg using a pre-set injection rate of 4
mL/s. If the patient previously had minor adverse effects on
iodixanol (such as nausea, vomiting, or mild urticaria),
iohexol 350 mg/mL (Omnipaque 350, GE Healthcare) was
used instead. Bolus tracking was used to time the scan phase
with a region of interest placed in the descending thoracic
aorta using a threshold of 150 HU. Contrast-enhanced DL-
CT of the chest and upper abdomen was acquired in the arte-
rial phase (15 s delay post threshold) while DL-CT of the
abdomen and pelvis was acquired in the portal venous phase
(65s delay post threshold). Conventional CT images were re-
constructed from weighted addition of the two detector layers’
signals. The conventional CT images did not differ from
single-energy CT in dose [25] or image quality [26]. In
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Fig. 1 Flowchart showing patient enrolment and the reading set-up. DL-CT = dual-layer detector spectral CT, WB-MRI = whole-body MRI

addition, spectral base images were reconstructed by spectral
separation of the two detector layers’ signals.

Whole-body MRI protocol

All MRI examinations were acquired using a 1.5T MRI system
(Ingenia, Philips Healthcare) with built-in posterior coil, head
and neck coil, and flex coverage anterior coil from the scanner
vendor. The MRI protocol consisted of sagittal T1-weighted and
sagittal T2-weighted Dixon images of the spine, axial DWI (b =
0, 50, and 800), axial T1-weighted Dixon, axial T2-weighted,
and coronal T1-weighted images from the skull base to mid-
thighs, and axial DWI (b = 200) of the lungs (Supplementary
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Table 1). DWI was acquired with short-tau inversion recovery fat
suppression using an inversion time of 180 ms. Mono-
exponential ADC maps were calculated using the b50 and
b800 images. From axial T1-weighted Dixon images and sagittal
T2-weighted Dixon images, fat fraction images were calculated
as fat/in-phase. The scan time was 25:32.

Image interpretation

All imaging data were anonymised and randomised, and
readers only had access to patient age. Conventional CT and
DL-CT datasets were transferred to a spectral workstation for
analysis (IntelliSpace Portal 9.0, Philips Healthcare). Available
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Table 1

whole-body MRI; ADC = apparent diffusion coefficient. *See Supplementary Table 2

Diagnostic criteria used for detecting metastases with the three imaging modalities. DL-CT = dual-layer detector spectral CT; WB-MRI =

Metastatic criteria

CT

DL-CT

WB-MRI

Lymph nodes

Lung metastases

Liver metastases

Bone metastases

Ovarian tumours/metastases

Kidney tumours

Other tumours/metastases*

Short axis > 10 mm

Solitary nodule > 8§ mm
OR
Multiple nodules < 8 mm

Suspicious lesion > 20 HU

Suspicious lytic or sclerotic lesion

Solid tumour

OR

Cystic lesion with septae and/or
nodules with contrast
enhancement

OR

Cystic lesion > 5 cm in
patient > 50 years

Solid tumour
OR
> Bosniak IIF

Suspicious lesion

Short axis > 10 mm

OR

Short axis < 10 mm with loss of
fatty hilum and iodine
density > 0.5 mg/ml

Solitary nodule > 8 mm

OR

Solitary nodule < 8 mm with
clear iodine attenuation or
affecting surrounding lung
tissue on Z effective images

OR

Multiple nodules < 8 mm

Suspicious lesion > 20 HU

AND

Non-yellow appearance on Z
effective images

Suspicious lytic or sclerotic lesion

Solid tumour

OR

Cystic lesion with septae and/or
nodules with contrast enhan
cement

OR

Cystic lesion > 5 cm in
patient > 50 years

Solid tumour
OR
> Bosniak ITF

Suspicious lesion with non-yellow

appearance on Z effective images

with clear iodine attenuation

Short axis > 10 mm

OR

Short axis < 10 mm with loss of fatty
hilum and increased signal intensity
on b800 images compared to
benign-appearing lymph nodes

Solitary nodule > 8 mm on b200 images
OR
Multiple nodules < 8 mm on b200 images

High signal intensity on b800 images and
ADC values < 1.5 x 107> mm?/s

AND

Appearance on T2-weighted images not
consistent with cysts

High signal intensity on b800 images
with ADC values higher than
surrounding bone

AND

Low-signal intensity on T1-weighted and
T2-weighted Dixon fat fraction images

Solid tumour with high signal intensity
on b800 images and ADC values

<1.5x 10~ mm%s

OR

Cystic lesion with septae and/or nodules
with diffusion restriction

OR

Cystic lesion > 5 ¢cm in patient > 50 years

Solid tumour
OR
> Bosniak IIF

Suspicious lesion with high signal
intensity on b800 images and ADC
values < 1.5 x 10> mm?/s

spectral data included the following: virtual mono-energetic
images (40-200 keV), effective atomic number (Z effective;
shows the atomic number of the tissue), iodine density images
(shows the iodine concentration in mg/mL), virtual non-
contrast images (70 keV images without the attenuation from
iodine). Overlay of any spectral parameter onto conventional
series was available. The CT and DL-CT examinations were
read in consensus by two radiologists with 35 and 30 years of
radiological experience, respectively. The reading of the CT
and DL-CT examinations was divided into two readings sepa-
rated by a 3-month washout period to reduce recall bias (Fig. 1).
Reading time of both CT and DL-CT were recorded.

All 182 WB-MRI examinations were analysed using
Osirix version 10 (Pixmeo) in consensus by two

radiologists with 18 and 12 years of experience in body
MRI, respectively. In addition to the acquired MRI se-
quences, a colour-coded overlay of b800 images onto
T2-weighted images was available on the workstation
[27].

A RedCAP database [28] was used to register all imaging
findings. Up to three lesions per region were recorded each for
lungs, liver, and bones, and up to 5 lesions for “other”. The
category “other” included pleural metastases, peritoneal car-
cinomatosis, ovarian metastases, and possible malignant le-
sions not associated with breast cancer (Supplementary
Table 2). In addition, up to three pathological appearing
lymph nodes in any region were recorded. The criteria used
for diagnosing metastases are shown in Table 1. Confidence
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Table 2 Patient demographics. HER2 = human epidermal growth
factor receptor 2; SLNB = sentinel lymph node biopsy; ALND =
axillary lymph node dissection

Patient demographics Department ~ Department of Plastic
of Oncology and Breast Surgery

Number of patients 112 70

Age (years) 593+123 620+ 158

Indications for referral

Bone pain 49 (44%) 0 (0%)

Recurrent breast cancer 0(0%) 34 (49%)

Locally advanced breast cancer 12 (11%) 20 (29%)

Suspicious findings on 11 (10%) 11 (16%)
other imaging

Suspicious biochemistry 19 (17%) 0 (0%)

Miscellaneous reasons 21 (19%) 5 (7%)

Side of primary tumour

Right 69 (62%) 35 (50%)

Left 41 (37%) 27 (39%)

Bilateral 2 (2%) 8 (11%)

Previous breast surgery

Breast-conserving 49 (44%) 20 (29%)

Mastectomy 56 (50%) 29 (41%)

None 7 (6%) 21 (30%)

Type of primary tumour

Invasive ductal carcinoma 83 (74%) 56 (80%)

Invasive lobular carcinoma 13 (12%) 7 (10%)

Ductal carcinoma in situ 5 (4%) 2 3%)

Other 11 (10%) 5 (7%)

Estrogen receptor—positive

Yes 97 (87%) 57 (81%)

No 15 (13%) 13 (19%)

HER2-positive

Yes 19 (17%) 8 (11%)

No 93 (83%) 62 (89%)

Grade

1 14 (13%) 7 (10%)

I 44 (39%) 37 (53%)

1L 29 (26%) 11 (16%)

Missing 25 (22%) 15 (21%)

Previous SLNB

Yes 108 (96%) 42 (60%)

No 4 (4%) 28 (40%)

Previous ALND

Yes 56 (50%) 17 24%)

No 56 (50%) 53 (76%)

Adjuvant chemotherapy and/or radiotherapy

Yes 100 (89%) 28 (40%)

No 12 (11%) 42 (60%)

Years since first diagnosis, 2 (0-24) 0.5 (0-29)
median (range)

Size of primary tumour (mm) 247+£21.7  25.6+21.1

@ Springer

of malignancy for each lesion was scored as 1, benign; 2,
probably benign; 3, indeterminate; 4, probably malignant;
and 5, malignant. Scores of 1-3 were considered benign,
whereas 4-5 were considered malignant. Overlooked lesions
or lesions not mentioned during the reading were assigned a
score of 1. Each region was assigned the highest lesion score
in that region for the per region analysis. For the per-patient
analysis, true positive was defined as at least one correctly
diagnosed metastasis, while true negative was defined as all
lesions correctly diagnosed as benign.

Reference standard

All patients were being followed at the Department of
Oncology with a clinical examination and blood tests
for 5 years after definitive surgery. After a median of
18-month follow-up (range: 13-34) after completing the
WB-MRI and DL-CT examinations, the clinical status
of each patient was assessed. Medical records including
histopathology reports, prior imaging, and follow-up im-
aging were used to classify each lesion. Histopathology
was considered the gold standard where available.
Lesions without histopathologic verification were con-
sidered malignant if they showed progression (or
regression/disappeared if the patient were under treat-
ment) on follow-up imaging. In case of no changes on
follow-up imaging through at least 12 months, the le-
sion was considered benign. Lesions appearing on
follow-up imaging, which could not be seen on WB-
MRI or DL-CT, were considered overlooked lesions.
Lesions which could neither be verified by histopathol-
ogy or follow-up imaging were considered malignant if
the lesion was absent on previous imaging performed
within the last 5 years. If the lesion was present on
previous imaging and appeared unchanged through at
least 2 years, it was considered benign. In patients with
no biopsies performed and no previous or follow-up
imaging, any lesion was considered benign after a me-
dian clinical follow-up of 22 months (range: 13-34).

Statistical analysis

STATA Statistics/Data analysis Special Edition version 16.1
(StataCorp) was used for all statistical analyses.

This study was powered to show a 10% difference in
sensitivity on a per-lesion basis using a significance
level of 0.05 and power of 0.80. Assuming a prevalence
of metastatic disease of 30% and an average of 3 met-
astatic lesions per positive patient, the sample size was
calculated to 182 patients. Receiver operating character-
istics (ROC) curves were constructed based on the 5-
point assessments from the reviewers on a per-lesion
basis and on a per-patient basis. From the ROC curves,
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Table 3  Reference standard used for verification of each lesion. The
number of suspicious axillary lymph nodes on whole-body MRI and
dual-layer detector spectral CT was matched with the number of metasta-
tic axillary lymph nodes from the histopathology reports obtained from

sentinel lymph node biopsy or axillary dissection. US = ultrasonography;
"8F_.FDG PET/CT = '®F-fluorodeoxyglucose positron emission
tomography/computed tomography

Reference standard  All lesions Lymph nodes Lung

Liver Bone Other

Metastatic Benign Metastatic Benign Metastatic

Benign Metastatic Benign Metastatic Benign Metastatic Benign

Follow-up 198 18 41 58 81
Histopathology 155 24 83 9 4 3 20 31 3 17 9
Follow-up imaging

CT 80 214 26 8 18 32 11 60 16 12 9 102
MRI 44 9 44 9

US 22 12 10
8E_FDG PET/CT 10 35 5 3 8 7 4 2 16
Previous imaging

CT 28 162 14 6 9 18 59 2 5 3 74
MRI 3 3

usS 16 5 11
Scintigraphy 2 2
'"8F_FDG PET/CT 4
the area under the curve (AUC) was calculated and used Results

for comparison of the diagnostic performance of the

three imaging modalities using the DeLong approach Patients

[29]. Comparison of sensitivity and specificity was done
using McNemar [30]. Differences in reading times of
CT and DL-CT were compared using a one-sample #-
test. A p value < 0.05 was considered statistically sig-
nificant without adjustment for multiple testing.

From April 2018 to November 2019, 183 patients were con-
secutively enrolled. Of 183 patients enrolled, one patient was
excluded due to claustrophobia. Patient demographics are
shown in Table 2. Median time from referral to imaging was
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Fig. 2 Receiver operating characteristics curves for conventional CT, dual-layer detector spectral CT (DL-CT), and whole-body MRI (WB-MRI) on a

per-lesion basis. AUC = area under the curve
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Table4 Diagnostic performance of CT, dual-layer detector spectral CT
(DL-CT), and whole-body MRI (WB-MRI) on a per-lesion basis. ™ de-
notes significantly better performance than CT; ¥ denotes significantly

better performance than DL-CT; and * denotes significantly better per-
formance than WB-MRI. AUC = area under the curve

Number of lesions Metastatic lesions Benign lesions AUC Sensitivity Specificity Correctly classified

All lesions 1009 320 689

CT 212 6438 0.80 0.66 0.94 0.85
DL-CT 239 652 0.84% 075" 0.95 0.88
WB-MRI 208 675 0.82 0.65 0.98" 0.88
Lymph nodes 151 128 23

CT 84 17 0.73 0.66 0.74 0.69
DL-CT 100 13 0.74 0.78" 0.57 0.57
WB-MRI 83 17 0.72 0.65 0.74 0.66
Lung lesions 113 34 79

CT 28 63 0.85 0.82%* 0.80 0.81
DL-CT 33 74 096" 097" 0.94 0.95
WB-MRI 18 76 0.83 0.53 0.96" 0.83
Liver lesions 215 31 184

CT 21 181 0.84 0.68 0.98 0.94
DL-CT 22 182 0.84%* 0.71 0.99 0.95
WB-MRI 18 183 0.78 0.58 0.99 0.93
Bone lesions 190 96 94

CT 71 89 0.89 0.74 0.95 0.84
DL-CT 74 87 0.88 0.77 0.93 0.85
WB-MRI 83 92 0.927 0.86" 0.98 0.92
Other lesions 340 31 309

CT 8 298 0.53 0.26 0.96 0.90
DL-CT 10 296 0.59 0.32 0.96 0.90
WB-MRI 6 307 0.57 0.19 0.99™ 0.92

4 days (range 1-13, with one patient being examined 26 days
after referral due to her wishing to go on vacation).

A total of 66 patients (36%) were diagnosed with metastatic
disease. Of these 66 patients, 38 patients (58%) had metastases in
one region, 9 patients (14%) in two regions, 7 patients (11%) in
three regions, and 12 patients (18%) in four regions. All of the 66
patients had at least one metastatic lesion verified by biopsy.

A total of 1009 lesions (320 metastatic and 689 benign
lesions) were assessed. Table 3 shows lesions by anatomical
region and reference used for diagnosis. The size of the benign
lesions was 13.3 £ 11.9 mm vs 15.1 £ 15.1 mm for the met-
astatic lesions (p = 0.23) (short axis for lymph nodes and long
axis for non-lymph node lesions).

Per-lesion analysis

The reading time of DL-CT was significantly longer than that
of CT (308 s vs 256 s, p = 0.02).

DL-CT had the highest diagnostic performance of the three
imaging modalities on a per-lesion basis as illustrated by the
ROC curves in Fig. 2. DL-CT had significantly higher AUC

@ Springer

compared to both CT and WB-MRI for all lesions (p = 0.001
and p = 0.02, respectively) and lung lesions (p = 0.002 and p <
0.0001, respectively), and also had higher AUC than WB-MRI
for liver lesions (p < 0.05). WB-MRI had significantly higher
AUC compared to both CT and DL-CT for bone lesions (p =
0.003 and p = 0.007, respectively).

Sensitivity and specificity for the three imaging modalities on
a per-lesion basis are shown in Table 4. The sensitivity of CT,
DL-CT, and WB-MRI for all lesions was 0.66, 0.75, and 0.65,
respectively. DL-CT showed significantly higher sensitivity
compared to both CT and WB-MRI for all lesions (p < 0.0001
and p = 0.002, respectively), lymph node metastases (p = 0.009
and p < 0.0001), and lung metastases (p = 0.002 and p < 0.0001),
while CT showed significantly higher sensitivity than WB-MRI
for lung metastases (p = 0.02). WB-MRI had significantly higher
sensitivity than CT (p = 0.01) but not DL-CT (p = 0.06) for
detecting bone metastases. The specificity of CT, DL-CT, and
WB-MRI for all lesions was 0.94, 0.95, and 0.98, respectively.
DL-CT and WB-MRI had significantly higher specificity com-
pared to CT for lung lesions (p = 0.0002 and p = 0.02). WB-MRI
had significantly higher specificity than CT and DL-CT for other
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Fig. 3 Patient with a metastatic
lymph node in the right axilla.
The lymph node appears
morphologically benign on
conventional CT (A) with
preserved fatty hilum and a short
axis < 5 mm. On mono-energetic
images (40 keV) (B), the lymph
node shows clear contrast
enhancement, and the iodine
concentration is measured to > 2
mg/ml on iodine density images
(C). The lymph node is coloured
green on Z effective images (D)
further suggesting increased
iodine enhancement. The lymph
node appears benign on T2-
weighted images with a short axis
< 10 mm and no loss of the fatty
hilum (E), although it has high
signal intensity on b800 images
(F). The apparent diffusion
coefficient value was measured to
1.2 x 10> mm/s. The lymph node
was diagnosed as metastatic by
biopsy

lesions (p = 0.02 and p = 0.007) and significantly higher speci-
ficity for all lesions than CT (p = 0.0001).

Figures 3 and 4 show examples of a metastatic lymph node
and lung nodules correctly diagnosed only by DL-CT.
Figure 5 shows an example with a bone metastasis correctly
diagnosed on WB-MRI not visible on either CT or DL-CT.

Per-patient analysis

Both DL-CT and WB-MRI had significantly higher
AUC compared to CT on a per-patient basis (p =
0.04 and p = 0.03) as shown by the ROC curves in
Fig. 6. Table 5 shows AUC, sensitivity, and specificity
on a per-patient basis for the three imaging modalities.

Sensitivity of CT, DL-CT, and WB-MRI on a per-patient
basis was 0.79, 0.89, and 0.82, respectively. DL-CT signifi-
cantly increased sensitivity compared to CT (p = 0.04).

The specificity of CT, DL-CT, and WB-MRI on a per-
patient basis was 0.84, 0.87, and 0.96, respectively. WB-
MRI had significantly higher specificity compared to both
CT and DL-CT (p =0.001 and p = 0.02) on a per-patient basis.

Discussion
In the present study, the diagnostic performance of DL-CT

and WB-MRI were significantly higher than conventional
CT for diagnosing metastatic breast cancer on a per-patient
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Fig.4 A-D Patient with a benign lung nodule in the right lower lobe (red
arrows). The nodule was considered metastatic by conventional CT (A)
and whole-body MRI (WB-MRI) (D shows an image from the b200 lung
sequence). However, the nodule has low iodine concentration (< 0.5
mg/ml) on iodine density images (B) and appears to be attached to the
pleura on Z effective images (C). The nodule was considered benign on
dual-layer detector CT (DL-CT) and was diagnosed as benign on follow-
up '"*F-FDG PET/CT. E-H Another patient with lung metastasis in the

left upper lobe (red arrows). The lesion was too small to be characterised
on conventional CT (E) and is not visible on the b200 lung sequence (H).
On iodine density images (F), the iodine concentration in the nodule was
measured to > 3 mg/ml. Z effective images show an area of lung tissue
surrounding the lesion (G) affected by the lesion (red arrow in the
magnified image). The nodule was considered metastatic on DL-CT
and was diagnosed as metastatic by showing clear progression in size
on follow-up CT

Fig. 5 Patient with a metastasis in the right iliac bone. The lesion (red
arrows) is visible as a dark area on coronal T1-weighted images (A) and
axial fat fraction images (B) derived from the T1-weighted Dixon images.
On b800 images (C), the lesion shows clear diffusion restriction
compared to the surrounding bone. The lesion is barely visible on
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conventional CT images (D) and was overlooked by the CT readers in
both readings. Z effective images (E) and iodine density images (F) did
not increase lesion conspicuity. The lesion was confirmed as metastatic
by CT-guided biopsy
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Table 5 Diagnostic performance

of CT, dual-layer detector spectral Assessed  With No AUC  Sensitivity ~ Specificity =~ Correctly
CT (DL-CT), and whole-body metastases ~ metastases classified
MRI (WB-MRI) on a per-patient
basis. T denotes significantly bet- Patients 182 66 116
ter performance than CT and * CT 52 98 0.85 0.79 0.84 0.82
denotes significantly better per- DL-CT 59 101 0.90" 0.89 0.87 0.88
formance than DL-CT. AUC = , .
area under the curve WB-MRI 54 111 092" 082 096" 0.91
Lymph 182 48 134
nodes
CT 35 130 0.88 0.73 0.97 0.91
DL-CT 41 129 0.92 0.85 0.96 0.93
WB-MRI 37 132 0.88 0.77 0.99 0.93
Lungs 182 13 169
CT 11 158 0.96 0.85 0.93 0.93
DL-CT 12 165 0.95 0.92 0.98 0.97
WB-MRI 7 166 0.90 0.54 0.98 0.95
Liver 182 11 171
CT 8 170 0.89 0.73 0.99 0.98
DL-CT 8 170 0.85 0.73 0.99 0.98
WB-MRI 7 170 0.81 0.64 0.99 0.97
Bones 182 35 147
CT 26 144 0.91 0.74 0.98 0.93
DL-CT 27 144 0.89 0.77 0.98 0.94
WB-MRI 31 146 0.95 0.89 0.99 0.97
Other 182 14 168
CT 7 157 0.65 0.50 0.93 0.90
DL-CT 10 158 0.75 0.71 0.94 0.92
WB-MRI 6 166 0.65 0.43 0.99 0.95
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Fig. 6 Receiver operating characteristics curves for conventional CT, dual-layer detector spectral CT (DL-CT), and whole-body MRI (WB-MRI) on a
per-patient basis. AUC = area under the curve
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basis. DL-CT had significantly higher sensitivity compared to
CT while WB-MRI had superior specificity. On a per-lesion
basis, DL-CT showed significantly higher diagnostic perfor-
mance and sensitivity than both CT and WB-MRI. This is in
agreement with a previous study by Andersen et al [21] which
showed increased sensitivity for DL-CT compared to CT in
patients suspected of malignancy. As was the case in the study
by Andersen et al [21], we found increased reading time of
DL-CT compared to CT, although the increase was minor (<
one minute) considering the benefit of the increased diagnos-
tic performance of DL-CT.

DL-CT had significantly higher sensitivity for detecting
lymph node metastases compared to CT and WB-MRI, al-
though the specificity was lower. The increased sensitivity
of DL-CT was achieved by using an iodine concentration of
0.5 mg/mL as cut-off between metastatic and non-metastatic
lymph nodes in morphologically suspicious nodes. Metastatic
axillary lymph nodes have previously been shown to have
significantly higher iodine density compared to non-
metastatic lymph nodes [31]. However, the cut-off of 0.5
mg/mL iodine in our study was likely too low given the low
specificity of DL-CT for diagnosing lymph node metastases.
In a study by Volterrani et al [32], they showed an optimal cut-
off value of 1.7 mg/mL iodine for differentiating malignant
breast lesions from benign breast lesions. Applying a higher
cut-off may increase the diagnostic performance of DL-CT for
diagnosing lymph node metastases.

In the lungs, DL-CT increased sensitivity compared to CT
and WB-MRI and specificity compared to CT. The use of iodine
density images to assess contrast enhancement of small lung
nodules and Z effective images to visualise peri-lesion involve-
ment allowed several lung lesions to be correctly diagnosed by
DL-CT. In a study by Chao et al [33], malignant lung nodules
showed increased contrast enhancement on DE-CT. In another
study [34], iodine density was correlated with SUVmax (a mark-
er of tumour glucose metabolism) in malignant lung nodules. Z
effective and iodine density images may be of value in discrim-
inating malignant and benign lung nodules.

WB-MRI had significantly higher diagnostic performance
than CT and DL-CT for diagnosing bone lesions. In a study by
Abdullayev et al [20], they used multi-level virtual non-
calcium reconstructions of DL-CT examinations to suppress
calcium in the bones. With calcium suppressed, they were able
to show increased sensitivity and specificity in detecting ver-
tebral bone metastases. Unfortunately, calcium suppression
was not commercially available at the time of our study.
Since bone lesions were the only region where DL-CT was
inferior to WB-MRI, the implementation of calcium suppres-
sion could potentially be important for establishing DL-CT as
a stand-alone modality for the diagnostic workup of metastatic
breast cancer.

The main strengths of our study were the prospective study
design and the large patient cohort. The patients had DL-CT
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and WB-MRI examinations performed on the same day, and
the assessments were made by experienced readers blinded to
the results of the other imaging modalities.

Our study had some limitations. First, we only had patho-
logical verification for 155/320 metastatic lesions and 24/689
benign lesions and had to rely on previous and follow-up
imaging. In addition, for 198/689 benign lesions, no previous
or follow-up imaging was available. However, all patients
with metastatic disease had at least one biopsy-verified lesion.
Second, we did not assess inter-reader reliability as the exam-
inations were read in consensus. Finally, our study was con-
ducted at a single centre which restricts the generalisation of
the results.

In conclusion, DL-CT and WB-MRI appear equal in diag-
nostic performance on a per-patient basis and are preferable to
conventional CT. On a per-lesion basis, DL-CT had signifi-
cantly higher diagnostic performance compared to both CT
and WB-MRI, although slightly lower than WB-MRI in the
bones. Future prospective multi-centre studies comparing
DL-CT and WB-MRI with functional imaging tech-
niques, such as PET/CT, are needed to determine the
optimal choice of imaging in breast cancer patients
suspected of metastatic disease.
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