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Abstract

Objectives We assessed the diagnostic performance of contrast-enhanced mammography (CEM) using a high-
concentration iodinated contrast medium (HCCM, 400 mgI/mL) to determine whether the reduced iodine dose and
increased iodine delivery rate (IDR) achieved might offer a more sustainable alternative to CEM performed with lower
iodine concentrations.

Methods This two-center retrospective study included 205 patients who underwent CEM between March 2021 and
February 2022. Patients were injected with HCCM at 1.0 mL/kg bodyweight at an IDR of 1.2 gL/s. Standard cranio-
caudal and mediolateral-oblique views were acquired. Images were reviewed independently by two experienced
radiologists who were blinded to patient clinical and imaging information. Diagnostic performance, including
sensitivity, specificity, and accuracy, was assessed based on histological or long-term imaging follow-up as the
reference standard.

Results Among the 205 patients, 149 (72.7%) had malignant lesions, and 56 (27.3%) had benign findings. The
sensitivity and specificity of CEM were 96–97% and 84–87.5%, respectively, with an overall accuracy of 93–95%. The
IDR achieved with HCCM resulted in excellent contrast enhancement, particularly in patients with aggressive
malignancies. ROC analysis confirmed the good diagnostic performance, with AUC values of 0.90–0.92. Compared to
conventional mammography and ultrasound, CEM demonstrated significantly higher diagnostic accuracy, especially in
patients with dense breast tissue.

Conclusions CEM with HCCM provides excellent diagnostic performance, achieving high sensitivity and specificity
while allowing for a reduced iodine dose and increased IDR. This approach may offer a more sustainable alternative to
conventional contrast media without compromising diagnostic accuracy, particularly for the detection and
characterization of aggressive breast lesions.

Critical relevance statement This study demonstrates that reducing the volume of injected contrast media while
increasing iodine concentration maintains the diagnostic benefits of CEM, further supporting its potential to improve
early cancer detection, thereby advancing clinical radiology practices and optimizing screening strategies for women
with dense breasts.
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Key Points
● Currently, CEM protocols utilize a variety of iodine concentrations and flow rates.
● CEM with high-concentration contrast (400 mgI/mL) achieved 96% sensitivity and 87.5% specificity.
● High-concentration contrast in CEM improves early detection of aggressive breast cancers.

Keywords CEM, Iodinated contrast media, High iodine concentration, Diagnostic performance, Breast cancer

Graphical Abstract

This study demonstrates that reducing the volume of injected contrast media while increasing iodine 
concentration maintains the diagnostic benefits of CEM, further supporting its potential to improve 

early cancer detection, thereby advancing clinical radiology practices and optimizing screening 
strategies for women with dense breasts.
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Fig 1. 
(a-d) Low-energy CC and MLO 
views show a centimeter-sized 
opacity with internal 
microcalcifications in the lower-
inner quadrant of the right 
breast; (e-h) Corresponding 
recombined CC and MLO views 
confirm an enhancing mass 
with irregular margins (BI-RADS 
4b); 
(j) Magnified recombined CC 
view highlighting the lesion in 
greater detail; 
(k) Magnified recombined MLO 
view highlighting the lesion in 
greater detail. 
Histopathological diagnosis: 
Unifocal invasive carcinoma 
NST, Luminal B Her2 –

Fig 2. 
(a-d) Low-energy CC and 
MLO views demonstrate 
a spiculated opacity in the 
upper-outer quadrant of 
the right breast; 
(e-h) Recombined CC 
and MLO views confirm 
an enhancing mass with 
spiculated margins (BI-
RADS 4c); 
(j) Magnified CC view of 
the lesion on the 
recombined image; 
(k) Magnified MLO view 
of the lesion on the 
recombined image. 
Histopathological 
diagnosis: Invasive 
carcinoma NST with foci 
of cribriform DCIS. 

Introduction
Contrast-enhanced mammography (CEM) is an increas-
ingly used breast imaging technique for breast cancer
detection and diagnosis [1–6]. Unlike conventional 2D
digital mammography (DM) and 3D digital breast tomo-
synthesis techniques, CEM offers the possibility to acquire
both morphologic and physiologic information similar to
that attainable with contrast-enhanced breast magnetic
resonance imaging (MRI). In recombining high-energy
mammographic images acquired after the intravenous
administration of an iodinated contrast medium (CM),
CEM facilitates better detection of fast-growing aggressive
lesions and improved differentiation among lesions with
different proliferative and metastatic potential, by pro-
viding functional information from CM uptake as a proxy
of malignant neoangiogenesis [2, 3]. In this regard,
numerous studies and meta-analyses have demonstrated
comparable diagnostic performance for CEM and
contrast-enhanced MRI [7–13], often with sensitivity and

specificity values exceeding 90% for the detection and
characterization of malignancy [13]. Moreover, potential
benefits of CEM are that it is more accessible, affordable,
and potentially better tolerated than contrast-enhanced
MRI, albeit with the necessary requirement for ionizing
radiation exposure [14].
Although many studies have looked to evaluate the

diagnostic performance of CEM, comparatively few have
focused on the CEM technique and specifically on the
dose, concentration, and flow rate of the iodinated CM
used for the examination. Some studies simply do not
provide information about the type of iodinated CM used
[9] while others state that a low osmolar non-ionic CM
should be administered at 1.5 mL/kg (for a maximum of
150mL) and at a rate of 2–3mL/s, without specifying the
iodine concentration of the CM [2–4] but rather stating
that the typical CM utilized should have iodine con-
centrations ranging from 300mgI/mL to 370 mgI/mL
[2, 3]. Clearly, for a given patient of 75 kg, 112.5 mL (i.e.,
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1.5 mL/kg × 75 kg) of a CM containing 370 mgI/mL would
lead to a considerably higher iodine dose than 112.5 mL of
a CM containing 300mgI/mL administered at the same
rate (41.63 g iodine vs 33.75 g iodine). Given recent
shortages in iodinated CM availability [15, 16] and
increasing concern over the potential harmful environ-
mental impact of iodinated CM [17, 18], considerable
attention now focuses on a more sustainable use of iodi-
nated CM [19] and particularly on opportunities for
iodine dose lowering.
A benefit of a higher iodine concentration is that more

iodine is administered per unit of volume. For standard
injection protocols using a flow rate of 3mL/s, a CM
containing 400mgI/mL will give an iodine delivery rate
(IDR) of 1.2 gI/s. In contrast, CM containing 300–370mgI/
mL will give lower IDRs of 0.9–1.1 gI/s. This means that
with high concentration contrast medium (HCCM), more
iodine will reach blood vessels in a given time, which may
be advantageous when assessing potential malignant
neoangiogenesis. It is additionally noteworthy that a higher
iodine concentration also means that the overall volume of
CM administered during each examination can be reduced
for a given iodine dose. Potential advantages of a reduced
administration volume are reduced contrast waste
and reduced cardiac preload, which potentially improves
patient tolerability during contrast injection [20].
Importantly, as noted elsewhere [21], a higher iodine con-
centration is not associated with an increased risk of
nephrotoxicity.
The fact that more iodine is administered per unit of

volume with HCCM means that the volume administered
per kg of patient can be reduced while maintaining con-
trast enhancement. The aim of this study was to deter-
mine the diagnostic potential of CEM when performed
with HCCM (400mgI/mL; Iomeprol-400; Bracco) at a
lower overall iodine dose and a higher IDR than typically
attainable with CM containing lower concentrations of
iodine (300–370mgI/mL), to determine whether HCCM
potentially offers a more sustainable solution to CM use
in CEM. Specifically, we determined the diagnostic per-
formance of CEM performed with 1.0 mL/kg of Iomeprol-
400 (400 mgI/mL) administered at a rate of 3 mL/s for an
IDR of 1.2 gI/s and compared the results with literature
reports of CEM studies performed with lower con-
centrated CM administered using “standard” protocols
(1.5 mL/kg at a rate of 2–3mL/s).

Methods
Study design and population
This two-center retrospective study was conducted
according to Good Clinical Practice guidelines. The eva-
luation included patients referred for CEM at one of the
following two Italian imaging departments: Policlinico

Umberto I, Rome (Center 1), and Ospedale Sant’Andrea,
Rome (Center 2). Approval for the retrospective assess-
ment of images was obtained by the Institutional Review
Boards of both centers. The requirement for informed
consent was waived because of the retrospective nature of
the study.
All women referred for breast imaging at either center

between March 2021 and February 2022, who had
undergone initial conventional DM and ultrasound (US)
examinations and who were eligible for CEM as a second-
level diagnostic examination, were included in the study.
CEM was used as a problem solver when conventional
imaging results were contradictory or inconclusive, for
example, when abnormalities detected at previous DM
were not clarified by US examination. Additionally, CEM
was used for preoperative staging, particularly in cases of
suspicious multifocal or multicentric disease, and for
monitoring the response to treatment. CEM was not
performed in patients who were pregnant or suspected of
being pregnant, were lactating, had a history of allergic
reaction to iodinated contrast agents, or had impaired
renal function based on the latest guidelines of the Eur-
opean Society of Urogenital Radiology (ESUR) [22].
Patients who underwent CEM at either of the two centers
within the study period were excluded from the study if
they had a history of breast cancer or recurrent disease,
were undergoing neoadjuvant therapy or any other cancer
treatment, had breast implants, or had undergone core
needle biopsy (CNB) or vacuum-assisted biopsy (VAB)
within 14 days prior to the CEM examination. Finally,
patients with incomplete clinical/histological data, or
whose CEM examination was incomplete, were also
excluded from the study.
All data were acquired anonymously from Institutional

medical records and collected using Excel 2016 (Micro-
soft Corp.).

Imaging technique and protocol
All CEM examinations were performed on dedicated low-
dose DM units that were capable of performing full-field
2D DM and CEM (Giotto Class; IMS Giotto, for Center 1,
and Senographe Essential; GE Healthcare, for Center 2).
Written informed consent was obtained from all patients
prior to initiating the CEM examination.
Similar protocols were utilized at both centers, invol-

ving the sequential acquisition of two standard cranio-
caudal and two mediolateral-oblique views (early and late,
respectively) starting from the breast with the suspicious
finding. Image acquisition began 2min after the intrave-
nous injection of iodinated CM (Iomeprol-400;
400mgI/mL) at 1.0 mL/kg bodyweight and at a rate of
3 mL/s, followed by a 20-mL saline flush at the same rate.
The administered volume (1.0 mL/kg) results in a dose of
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400mgI/kg bodyweight administered at an IDR of 1.2 gI/s.
A low-energy exposure (22–35 kVp) and a high-energy
exposure (40–49 kVp) were performed serially for
each view. The total acquisition time was approximately
6 min, resulting in an overall examination time of
approximately 8 min.

Image evaluation and interpretation
The American College of Radiology (ACR) breast imaging
reporting and data system (BI-RADS) categories assigned
to findings from DM and US examinations of the patients
enrolled in the study were collected from medical records.
Two experienced breast imaging radiologists indepen-
dently evaluated all the anonymized CEM examinations
from both centers, using a dedicated workstation equip-
ped with an integrated software (Raffaello, IMS Giotto for
Center 1 and AWS:52.21.3 Essential Senographe Essen-
tial; GE Healthcare for Center 2) and two dedicated
5-Megapixel diagnostic LED monitors (GX570; Eizo) for
both centers. Both readers were blinded to the results of
previous breast imaging examinations and to all patient
clinical and pathological information. CEM image
assessment was performed separately to reduce possible
bias, using both low-energy and recombined images.
Breast composition, defined as ACR BI-RADS cate-

gories A-D, and background parenchymal enhancement
(BPE), defined as categories 1-4, were evaluated visually
and classified according to the current ACR BI-RADS
lexicon [23]. Each finding (including calcifications) was
measured and classified based on the CEM supplement to
the 2013 ACR BI-RADS lexicon for mammography [24],
and a final BI-RADS assessment category was assigned.
BI-RADS 1–3 findings were considered benign, while BI-
RADS 4 and 5 findings were considered malignant. The
assignation of a BI-RADS category 0 was not allowed.
Histology results from CNB, VAB, or surgery (when

available), or findings from follow-up diagnostic imaging
examinations with CEM or contrast-enhanced MRI after
≥ 12 months, were considered the standard of reference
for the determination of diagnostic performance.

Histological analysis
Biopsy and surgical specimens were evaluated at each
center by dedicated pathologists following standardized
protocols. Lesions were classified according to the fourth
edition of the World Health Organization Classification
[25]. Malignant primary breast tumors were subsequently
tested for immunohistochemistry using mouse mono-
clonal antibodies anti-estrogen receptor (ER) alpha (6F11;
Novocastra Laboratories Ltd., Newcastle upon Tyne, UK)
and anti-progesterone receptor (PgR-312; Novocastra
Laboratories Ltd., Newcastle upon Tyne, UK). A semi-
quantitative immunohistochemical assay (HercepTest;

Dako Agilent) was employed to evaluate the HER2 status;
equivocal results were further evaluated by means of
fluorescence in situ hybridization for HER2 gene ampli-
fication, according to the 2013 American Society of
Clinical Oncology/College of American Pathologists
guidelines [26]. Tumor proliferation index was deter-
mined using anti-Ki-67 monoclonal antibody MM1
(Novocastra Laboratories Ltd.). Based on the results of
immunohistochemistry, primary malignant lesions were
classified according to the 2013 St. Gallen Consensus
Conference [27] as: luminal A-like, luminal B-like HER2-
negative, luminal B-like HER2-positive, HER2-positive, or
triple-negative.

Statistical analysis
All statistical analyses and graphical representations were
performed using IBM SPSS Statistics, version 28 (IBM).
Sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), and overall accuracy
were calculated for each reader.
The receiver operating characteristic (ROC) curve and

the corresponding area under the curve (AUC) value were
used to estimate the overall diagnostic performance for
both readers and all imaging techniques. Cohen’s Kappa
coefficient was used to determine inter-reader agreement
for lesion detection and classification based on the ACR
BI-RADS lexicon [23]. Spearman’s correlation was used to
highlight potential correlations between ordinal variables.

Results
A total of 286 women were initially screened for inclusion
in the study. Of these, 205 were considered eligible for
further analysis (mean age: 58 ± 12.3 years; range: 29–85
years). Of the 81 ineligible patients, 56 were excluded
because of previous breast cancer or suspected recur-
rence, 7 were undergoing neoadjuvant therapy, 1 had
breast implants, 1 had undergone CNB less than 14 days
before the CEM examination, and 11 had incomplete data.
The remaining 5 patients were excluded because the CEM
examination was interrupted before being completed. The
selection algorithm is summarized in Fig. 1.
The 205 eligible patients included 149 (72.7%) in whom

malignant lesions were identified, and 56 (27.3%) in whom
benign lesions were identified. The 149 malignant lesions
identified comprised invasive cancer of no special type
(NST; n= 114 [55.6%]; Fig. 2), ductal carcinoma in situ
(DCIS; n= 13; [6.3%]), invasive lobular carcinoma (ILC;
n= 21; [10.3%]), and metastasis (n= 1 [0.5%]). Histolo-
gical confirmation was based on CNB, VAB, surgery, and
≥ 12-month follow-up in 52, 34, 85, and 34 cases,
respectively. Analysis of molecular subtypes was per-
formed for all malignant lesions except the solitary case of
breast metastasis (i.e., for 148/149 malignant lesions). Our
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data demonstrate that CEM with HCCM consistently
outperforms conventional DM in differentiating mole-
cular subtypes (Table 1).
The characteristics of the evaluated women in terms of

breast composition and BPE are reported in Table 2. The
majority of patients (85.4% for both readers) had breast
composition categorized as either B (scattered areas of
fibroglandular density; Fig. 3) or C (heterogeneously
dense; Fig. 4). Most patients (166/205 [81%] and 168/205
[82%] for readers 1 and 2, respectively) exhibited minimal
to mild BPE (ACR BI-RADS categories 1 or 2).
The diagnostic performance of CEM compared with

DM and US is shown in Table 3. The sensitivity of CEM
for breast cancer detection was > 95% for both Readers,
while specificity was approximately 90% for Reader 1 and
85% for Reader 2. In comparison, the sensitivity and
specificity of US were 94.6% and 71.4%, respectively, while
those of DM were 84.6% and 46.4%, respectively. As a
consequence, the overall accuracy of CEM was higher for
both readers (94.6% and 92.7% for readers 1 and 2,
respectively) when compared with the overall accuracy of
US (88.3%) and DM (74.1%). Likewise, PPV and NPV
were also markedly higher for CEM (Table 3). The
superior diagnostic performance of CEM was confirmed
by ROC analysis (Fig. 5). The AUC for CEM Readers 1
and 2 was 0.92 and 0.90, respectively, compared with 0.83
for US and 0.65 for DM.
Similar findings were obtained when the determinations

of diagnostic performance were made based on breast
composition (Table 4) and in terms of sensitivity for

lesion diagnosis by histologic subtype (Table 5). Excellent
diagnostic performance was achieved with CEM both in
women with dense breast parenchyma and in women with
non-dense breast parenchyma.
Agreement between the two readers, as measured using

Cohen’s Kappa statistic, was substantial, indicating
excellent consistency in image assessment. Cohen’s Kappa
values of 0.91, 0.91, and 0.95 were obtained for the
determination of breast composition, BPE, and BI-RADS
category attribution at CEM, respectively.
Finally, Spearman’s correlation analysis revealed a sig-

nificant association between BPE and breast composition
for both readers: Reader 1 had a ρ of 0.32 (p < 0.001), and
Reader 2 had a ρ of 0.28 (p < 0.001).

Fig. 1 Selection flowchart showing inclusion and exclusion criteria of
the study

Fig. 2 A case of a 50-year-old woman, classified as ACR BI-RADS D.
a–d Low-energy CC and MLO views show a centimeter-sized opacity with
internal microcalcifications in the lower-inner quadrant of the right breast.
e–h Corresponding recombined CC and MLO views confirm an
enhancing mass with irregular margins (BI-RADS 4b). i Magnified the
recombined CC view, highlighting the lesion in greater detail. j Magnified
recombined MLO view highlighting the lesion in greater detail.
Histopathological diagnosis: unifocal invasive carcinoma NST, Luminal B
Her2–
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Table 2 Classification of breast compositions and BPE
according to Reader 1 and Reader 2

Reader 1 patients (%) Reader 2 patients (%)

Breast composition (ACR BI-RADS)

A 13 (6.3) 12 (5.8)

B 86 (42) 86 (42)

C 89 (43.4) 89 (43.4)

D 17 (8.3) 18 (8.8)

BPE

1 114 (55.6) 109 (53.2)

2 52 (25.4) 59 (28.8)

3 31 (15.1) 30 (14.6)

4 8 (3.9) 7 (3.4)

Fig. 3 A case of a 49-year-old woman, classified as ACR BI-RADS B.
a–d Low-energy CC and MLO views demonstrate a spiculated opacity in
the upper-outer quadrant of the right breast. e–h Recombined CC and
MLO views confirm an enhancing mass with spiculated margins (BI-RADS
4c). i Magnified the CC view of the lesion on the recombined image.
j Magnified MLO view of the lesion on the recombined image.
Histopathological diagnosis: invasive carcinoma NST with foci of
cribriform DCIS
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Discussion
Despite the commercial introduction of CEM in 2011,
there is still wide variation among practitioners regarding
the most suitable acquisition protocol, and very little focus
on the most appropriate concentration of CM to use.
Typically, it is stated that administered CM should have an
iodine concentration of 300–370mgI/mL and should be
administered by power injection at a dose of 1.5mL/kg (up
to a maximum of 150mL) and at a rate of 2–3mL/s [2, 3].
However, neither dose-finding studies nor studies that
compare different iodine concentrations and flow rates
have yet been performed. Moreover, these recommenda-
tions lead to a wide variation in the amount of iodine

administered, which is potentially concerning in an era of
increased focus on sustainable solutions to CM use.
Our study confirms that excellent diagnostic perfor-

mance is achieved when performing CEM with an iodi-
nated CM containing the highest concentration of iodine
currently available (400 mgI/mL). Two blinded readers
determined sensitivity and specificity values of 96–97%
and 84–87.5%, respectively, and an overall diagnostic
accuracy of 93–95%, for the characterization of breast
lesions in women referred for CEM as a second-level
diagnostic examination. Inter-reader agreement assessed
using Cohen’s kappa statistics indicated substantial
agreement between readers (Kappa= 0.95 for BI-RADS
category attribution), further supporting the consistency
of findings. ROC analysis confirmed the good diagnostic
performance of CEM with AUC values of 0.90–0.92 for
the two blinded readers. Our results are consistent with
those of a recent meta-analysis based on 60 studies that
reported sensitivity and specificity values of 95% and 81%,
respectively, and an overall AUC of 0.94 [5].
Although no data regarding CM type or concentration

were included in the abovementioned meta-analysis [5], a
systematic review published in 2019 described the con-
trast administration details of 84 CEM studies performed
across 22 countries [14]. Contrast type was reported in 79
(94%) studies, with a 300mgI/mL concentration used in
34 studies, a 350mgI/mL concentration in 27 studies, and
a 370mgI/mL concentration in 15 studies. The remaining
3 studies utilized a CM with an iodine concentration of
320mgI/mL (n= 1) or 400 mgI/mL (n= 2), the latter in a
total of just 26 patients. Full administration details,
including dose and injection flow rate, were available for
just 69 (82%) studies. Among these studies, the adminis-
tration of CM at 1.5 mL/kg and at a rate of 3 mL/s was by
far the most common practice, utilized in 59 of the
69 studies (at a concentration of 300mgI/mL in 25 stu-
dies, 350mgI/mL in 23 studies, and 370 mgI/mL in the
remaining 11 studies). For a “standard” patient of 75 kg,
these injection parameters correspond to 112.5 mL of CM
injected over 37.5 s, which results in an IDR of 0.9 g/s
(33.75 gI/37.5 s) for patients receiving a CM concentration
of 300 mgI/mL, 1.05 g/s (39.375 gI/37.5 s) for patients

Fig. 4 A case of a 42-year-old woman, classified as ACR BI-RADS C.
a–d Low-energy CC and MLO views reveal a dense breast, with no
evident mass, asymmetry, or parenchymal distortion; CEM was suggested
for the presence of amorphous microcalcification in the upper outer
quadrant of the left breast (BIRADS 4a). e–h Recombined CC and MLO
views show no enhancing lesions in the upper outer quadrant (in the site
of microcalcification), but the presence of an enhancing area of 8 mm,
with uneven margins, between the lower quadrants. i Magnified the CC
view of the lesion on the recombined image. j Magnified MLO view of the
lesion on the recombined image. CEM-guided biopsy was performed, and
histopathological diagnosis showed an invasive carcinoma NST, Luminal A

Table 3 Diagnostic performance of mammography, US, and
CEM

Mammography US CEM Reader 1 CEM Reader 2

Sensitivity 84.6 94.6 97.3 96.0

Specificity 46.4 71.4 87.5 83.9

PPV 80.8 89.8 95.4 94.1

NPV 53.1 83.3 92.5 88.7

Accuracy 74.1 88.3 94.6 92.7
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receiving a CM concentration of 350mgI/mL, and
1.11 g/s (41.625 gI/37.5 s) for patients receiving a CM
concentration of 370mgI/mL. In our study, a CM con-
taining 400mgI/mL was administered at 1.0 mL/kg and at
a flow rate of 3 mL/s. This corresponds to 75mL for a
75 kg patient, administered over 25 s, giving an IDR of
1.2 g/s (30 gI/25 s). Clearly, this higher IDR will result in a
greater enhancement in the vessels of interest, which is
highly desirable for the improved early detection of
malignant neoangiogenesis and the identification and
diagnosis of fast-growing aggressive lesions with high

proliferative and metastatic potential. Moreover, the
lower volume administered while maintaining the same
injection rate results in a shorter overall injection time

Fig. 5 ROC curve comparing CEM, DM, and US examinations

Table 4 Diagnostic performance according to breast composition

Reader 1 Reader 2

ACR category Diagnostic performance

parameter

Mammo US CEM ACR category Diagnostic performance

parameter

Mammo US CEM

A–B (99/205) Sensitivity 91.9 95.9 95.9 A–B (98/205) Sensitivity 91.9 94.6 94.6

Specificity 44 72 84 Specificity 45.8 70.8 79.2

PPV 82.9 91 94.7 PPV 84 90.9 93.3

NPV 64.7 85.7 87.5 NPV 64.7 81 82.6

Accuracy 79.8 89.9 92.9 Accuracy 80.6 88.8 90.9

C–D (106/205) Sensitivity 77.3 93.3 98.7 C–D (107/205) Sensitivity 77.3 94.7 97.3

Specificity 48.4 71 90.3 Specificity 46.9 71.9 87.5

PPV 78.4 88.6 96.1 PPV 77.3 88.8 94.8

NPV 46.9 81.5 96.6 NPV 46.9 85.2 93.3

Accuracy 68.9 86.8 96.2 Accuracy 68.2 87.8 94.4

Table 5 Sensitivity for lesion diagnosis according to histologic
subtype

Mammography US CEM Reader 1 CEM Reader 2

NST 85.1 96.5 96.5 94.7

ILC 90.5 100 100 100
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and thus greater iodine saving. To this end, our injection
of a CM containing 400mgI/mL at 1.0 mL/kg (i.e., 400
mgI/kg bodyweight) would correspond to 30 g iodine for a
“standard” 75 kg patient. This is considerably lower than
the total iodine load administered if CM containing
300–370 mg/mL is injected at 1.5 mL/kg (450–555mgI/
kg bodyweight, corresponding to total iodine loads of
33.75–41.63 g iodine for a 75 kg patient).
Not unexpectedly, CEM outperformed conventional DM

and US in our study, both in women with dense and non-
dense breast parenchyma. This is consistent with previous
studies in which other CMs were used [28]. Also consistent
with recent findings [29, 30] was a correlation between BPE
and breast density in our study. Interestingly, the vast majority
of patients in our study had little or no BPE. Although this
precluded more detailed analysis, it suggests that the higher
iodine concentration of the CM used (400mgI/mL) and
higher IDR do not elicit higher levels of BPE in CEM exam-
inations. In comparison, BPE levels in breast MRI have been
shown to be related to the injection rate of the contrast agent
[31]. In the case of CEM, higher BPE levels could reflect
higher volumes of CM injected over longer injection times,
although this remains to be investigated.
Regarding the analysis of the diagnostic performance by

lesion type, CEM was markedly superior to conventional
DM in terms of sensitivity for the detection of DCIS and
invasive breast cancer, achieving a sensitivity of 100% for
the detection of DCIS and ILC, and 95–96% for NST. The
increase in sensitivity compared to DM, particularly in the
case of DCIS, underlines the value of CEM in combining
low-energy images showing calcifications and recombined
images for lesions characterized by non-mass enhancement
or inconsistent enhancement [32]. In this regard, CEMmay
be superior to breast MRI, allowing the contemporaneous
evaluation of calcifications and enhancement [33].
Several authors have shown previously that CEM, like MRI,

is effective at distinguishing among breast cancer molecular
subtypes [34–36]. Our study, likewise, has shown that CEM
with HCCM is superior to conventional DM in differentiating
molecular subtypes, in particular for HER2-positive and
luminal-like lesions. Although these preliminary findings
need to be confirmed in larger cohorts of patients, it is
plausible that the simultaneous evaluation of both calcifica-
tions and enhancement on CEM is particularly advantageous
for distinguishing certain histologic subtypes given that dif-
ferent patterns of calcifications are known to be predicable of
HER2-positive and luminal A breast cancer [37–39].
Our study has several limitations. Firstly, it was retro-

spective in nature. Secondly, the patient population was
relatively limited, even though our population was wider
and with a greater range of breast lesions than many other
studies on CEM [5, 14]. Thirdly, we did not fully explore
potential variations in CEM effectiveness based on patient

factors such as body mass index (BMI) or renal function.
This was beyond the scope of this initial exploratory
study, but should certainly be addressed in subsequent
studies. Although patients with impaired renal function
were excluded from this study, it should be borne in
mind that a CEM protocol that requires lower CM volumes
and lower overall iodine loads is likely to be beneficial,
particularly in patients with borderline renal insufficiency
[21, 40]. Finally, we did not compare different CM
concentrations and injection protocols, and thus it was
not possible to directly assert the superiority of HCCM
compared with other CM concentrations in terms of
diagnostic performance. On the other hand, based on
the available literature, we can affirm that similar diagnostic
performance can be achieved with HCCM at a lower overall
injected volume (1.0 mL/kg) and iodine load. The proposed
method aligns with current attempts to improve long-
term sustainability in iodinated CM usage and with con-
cerns over iodinated CM release into the environment
[15, 40–42]. This approach not only reduces costs and
resource consumption but also minimizes patient expo-
sure, promoting a more sustainable and patient-friendly
strategy for breast cancer screening.
In conclusion, our two-center retrospective study

demonstrates excellent diagnostic performance of CEM
using HCCM (400mgI/mL). Benefits of HCCM for CEM
include a higher achievable IDR, a lower overall iodine
dose, and a shorter injection time. Furthermore. The
multicenter, multivendor nature of our research ensures
the robustness of our findings. Taken together, our results
suggest that HCCM may offer a more sustainable
approach to the use of iodinated CM in CEM without loss
of diagnostic performance.
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