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Findings of suspicious calcifications on contrast-enhanced
mammography and their pathological correlation

Dilsah Oral’
ihsan Sebnem Orgic! PURPOSE
Hanife Seda Mavili2 This study aimed to determine the performance of contrast-enhanced mammography (CEM) in

Teoman C0§kun3 evaluating suspicious calcifications not associated with a mass.

METHODS

Patients with suspicious calcifications detected on CEM performed at our center between February
2021 and December 2023 were included in the study. Retrospectively, the morphology, distribu-

TManisa Celal Bayar University Hafsa Sultan Hospital,
Department of Radiology, Manisa, Turrkiye

2Manisa Celal Bayar University Hafsa Sultan Hospital, tion, and longest axis length of the calcifications were assessed on low-energy images, whereas
Department of Pathology, Manisa, Tiirkiye contrast enhancement intensity, pattern, longest axis length, and enhancement curves were an-
3Manisa Celal Bayar University Hafsa Sultan Hospital, alyzed on recombined images. The pathological diagnosis, grade, Ki-67 index, and (if available)
Department of General Surgery, Manisa, Tiirkiye the longest lesion length in the surgical specimen were recorded. Using pathology as the gold

standard, various CEM parameters were evaluated for their performance in assessing this group
of calcifications. Primary and secondary analyses were performed based on combined low or no
enhancement and no enhancement alone, respectively.

RESULTS

Our study includes 132 lesions in 114 patients,18 of whom had bilateral calcifications. Of the 132
lesions included in the study, 78 were benign, and 54 were malignant. Sensitivity, specificity, pos-
itive predictive value, and negative predictive value were determined as follows: 72.2%, 62.8%,
57.3%, and 76% in low-energy images; 79.6%, 80.8%, 74.1%, and 85.1% in the primary analysis of
recombined images; and 98.2%, 47.4%, 56.4%, and 97.4% in the secondary analysis. Contrast en-
hancement intensity was identified as a significant parameter influencing malignancy risk. A strong
statistical correlation was observed between lesion length measurements in both low-energy and
recombined images compared with pathology (r = 0.733 and r = 0.879, P < 0.001 for both), with
mean differences of -4.75 mm and +4.45 mm. No statistically significant relationship was found
between contrast enhancement intensity and the distinction between invasive and in situ carci-
noma (P = 0.698) or the differentiation of ductal carcinoma in situ grade (P = 0.336). A significant
correlation was detected between pathology and dynamic contrast enhancement types adapted
from magnetic resonance imaging (MRI) (P = 0.019). Although no statistically significant linear cor-
relation was found between the Ki-67 index and contrast enhancement intensity, the P value was
close to significance (P = 0.057).

CONCLUSION

CEM demonstrates strong performance in the assessment of suspicious calcifications by combining
the morphological and distributional features of digital mammography with enhancement charac-
teristics similar to MRI.
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reast cancer is the most common can-

cer among women, and mammogra-

phy is the primary screening method.
Calcifications are frequently observed find-
ings on mammograms.? According to the
Breast Imaging Reporting and Data System
(BI-RADS) atlas, based on their morphology
and distribution, calcifications are typically
classified as benign or suspicious.® Some sus-
picious calcifications may represent invasive
cancer or ductal carcinoma in situ (DCIS), the
earliest stage of breast cancer. Approximate-
ly one-third of breast cancers present solely
as calcifications on mammography.* Histo-
pathological sampling is recommended for
BI-RADS 4 and BI-RADS 5 calcifications.?

In the diagnosis of breast cancer, ultra-
sonography (USG) and magnetic resonance
imaging (MRI), which are used in addition to
mammography, detect calcifications at a low
rate or may not detect them at all. In recent
years, contrast-enhanced mammography
(CEM) has become increasingly utilized as
an imaging technique that, comparable with
MRI, demonstrates neovascularization in the
breast through the use of iodinated contrast
agents. In malignant lesions, vascular struc-
tures formed during angiogenesis exhibit in-
creased permeability, allowing intravenously
administered contrast agents to penetrate
the tumor, resulting in enhancement®¢ In
CEM, two image types are acquired: low-en-
ergy and high-energy. Low-energy images
are considered equivalent to digital mam-
mography and are suitable for the evalua-
tion of calcifications.” Recombined images,
generated using both low-and high-energy
images, demonstrate enhancement. In CEM,
although the morphology and distribution
of calcifications are assessed in low-energy
images, the functional characteristics of the
same tissue can also be evaluated using re-
combined images.

+ Contrast-enhanced mammography (CEM)
is an imaging technique based on the du-
al-energy method and provides information
on tissue function in addition to the struc-
tural evaluation of calcifications.

* According to our study, the presence of en-
hancement in the calcification region exhib-
ited a sensitivity of 98.2% for malignancy.

* Recombined images demonstrating en-
hancement provided more accurate results
in determining tumor length compared
with low-energy mammographic equiva-
lent images. This suggests that CEM may
reduce the positive surgical margin rate in
calcifications.

Our study aims to investigate the utility
of CEM, a relatively new and increasingly ad-
opted technique, in the characterization of
suspicious calcifications not associated with
a mass. Additionally, we aim to evaluate our
hypothesis that CEM may help reduce unnec-
essary biopsies, contribute to determining
the extent of disease in patients undergoing
breast-conserving surgery, and decrease the
rate of positive surgical margins.

Methods

Approval was obtained from Manisa Ce-
lal Bayar University Clinical Research Eth-
ics Committee for this retrospective study
(decision number: 20.478.486/2230, date:
31/01/2024). Between February 2021 and
December 2023, CEM images of 910 patients
with clinically suspected malignancy and/or
suspicious findings detected by other imag-
ing modalities were reviewed. Patients with
suspicious calcifications not associated with
a mass were selected. Patients without sus-
picious calcifications, those with suspicious
calcifications associated with a mass, those
with suspicious calcifications but accompa-
nied by a mass in another focus, and those
who had received neoadjuvant therapy be-
fore imaging were excluded from the study.
With 96 patients having lesions (calcification
focus) in a single breast and 18 patients hav-
ing lesions in both breasts, in 114 patients a
total of 132 lesions were included in this ret-
rospective study (Figure 1).

Contrast-enhanced mammography exam-
inations

All lesions included in this study were
imaged using a digital mammography sys-

tem with dual-energy capability (Pristina,
GE, Rue De La Miniére, Buc, France) avail-
able in the clinic. A low-osmolar, nonionic
contrast agent (Opaxol 350 mg/mL, Kopaq
350 mg/mL) was administered ata dose of 1.5
mL/kg, with a maximum volume of 100 mL,
using an automatic injector system (Medrad)
at a rate of 3 mL/s. Imaging commenced 1.5-
2 minutes after the start of contrast injec-
tion. Craniocaudal and mediolateral oblique
(MLO) images were acquired in both breasts,
starting with the target breast. Additionally,
in cases suspicious for malignancy, around
the 8" minute, a second MLO image (delayed
phase) of the pathological breast was ob-
tained after the MLO image of the non-target
breast. The total procedure lasted approxi-
mately 8-9 minutes, depending on patient
compliance. Low-energy images were ac-
quired at 28-32 kVp, and high-energy imag-
es were obtained at 45-49 kVp. The filtration
material and kVp values were automatically
determined by the system. Recombined im-
ages were automatically generated from the
low-and high-energy images.

Image analysis

The images were evaluated in consensus
by two observers: one radiologist with 34
years of experience in breast imaging and a
fourth-year radiology resident. During the
assessment of the CEM images, the BI-RADS
CEM lexicon published by the American Col-
lege of Radiology in 2022 was used. Suspi-
cious calcifications were classified based on
their morphology and distribution using the
low-energy images, which are equivalent to
standard mammography. According to the
BI-RADS atlas, calcifications with a morphol-

Patients who undenwent contrast-enhanced
mammography due to clinical suspicion of
breast malignancy and/or suspicious findings
detected by other imaging modalities

n=910
Patients without suspicious calcifications — Patients with suspicious calcifications
=376 » | accompanied by a mass in another focus
n=109
Patients with suspicious calcifications
associated with a mass D
n=150 - X ,
Patients who received neoadjuvant therapy
————— | prior to the obtained imaging
n=161

lesions)

Number of lesions included in the study (In 96 patients
with a single-breast lesion and 18 patients with bilateral

n=132

Figure 1. Flowchart of the study.
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ogy or distribution associated with <50%
malignancy were categorized as low-sus-
picion (amorphous, coarse heterogeneous,
fine pleomorphic and diffuse, regional,
grouped), and those associated with >50%
malignancy were classified as high-suspicion
(fine linear/fine linear branching and linear,
segmental). Cases were categorized into
three risk groups: low-risk if both morphol-
ogy and distribution were low-suspicion,
intermediate-risk if one was high-suspicion,
and high-risk if both were high-suspicion. In
the analysis of low-energy images, the low-
risk group was considered benign, whereas
the intermediate-and high-risk groups were
classified as malignant. On the recombined
images, the relationship between the suspi-
cious calcification area and the enhancing
tissue was assessed in four categories: no en-
hancement observed, partial enhancement
of the tissue, complete enhancement with
overlapping characteristics, or enhancement
extending beyond the calcification area. The
enhancement pattern was classified as ho-
mogeneous, heterogeneous, or clumped.
The intensity of enhancement was qualita-
tively graded as high, moderate, low, or ab-
sent. If delayed-phase images were available,
the enhancement intensity was compared
qualitatively between the early and delayed
phases, and inspired by the dynamic contrast
enhancement curves used in MRI, enhance-
ment patterns were classified as type 1 (per-
sistent) if there was an increase between the
two phases, type 2 (plateau) if the signal re-
mained stable, and type 3 (washout) if there
was a decrease. The longest length of the
calcifications and enhancing area was mea-
sured in a single plane using the projection
where they appeared largest. For patients
who did not undergo pathological sampling
and/or were placed under follow-up, partic-
ularly those in whom the level of suspicion
was lowered based on other imaging mo-
dalities (USG or MRI) and who declined his-
topathological sampling, prior and follow-up
examinations were reviewed for dimensional
changes. Cases classified as benign were re-
quired to demonstrate stability for >2 years.

Pathological analysis

The pathology reports of patients who
underwent sampling were reviewed, and
detailed pathological diagnosis was record-
ed. All sampled patients underwent tru-cut
biopsy, and surgical specimen data were also
available for a subset of these patients. The
histopathological grades of in situ lesions
were documented. In cases with surgical
specimens, the longest tumor dimension

and pathological diagnosis were included in
the dataset. Additionally, the Ki-67 index was
recorded for invasive carcinomas.

Statistical analysis

Statistical analyses were conducted using
IBM Corp., Armonk, NY, USA SPSS Statistics
version 27.0. Frequency tables and descrip-
tive statistics were used for data interpreta-
tion. Parametric methods were applied for
measurement values that followed a normal
distribution. Specifically, analysis of variance
(F-test) was used to compare measurement
values among three or more independent
groups, whereas the paired sample t-test
(t-value) was used for comparisons between
two dependent groups. For measurement val-
ues that did not follow a normal distribution,
non-parametric methods were applied. In
this context, the Wilcoxon test (Z-value) was
used to compare two dependent groups. The
Pearson chi-squared (x?) test was employed to
assess relationships between two categorical
variables. For correlations between two nor-
mally distributed quantitative variables, Pear-
son correlation and Bland-Altman plots were
used, whereas Spearman’s correlation coeffi-
cient was applied if at least one variable did
not follow a normal distribution. To determine

Table 1. Pathological distributions

risk factors influencing malignancy risk, bina-
ry logistic regression analysis using the back-
ward likelihood ratio model was performed. A
P value of <0.05 was considered indicative of
a statistically significant relationship.

Results

The study included a total of 132 lesions.
All 114 patients were women (age range,
25-79 years, average 48.4 years). A total of 36
lesions were considered benign due to their
stability for at least 2 years and the absence
of additional malignant features. A total of
42 lesions were pathologically benign, and
54 were malignant. Among the malignant
lesions, 25 were invasive carcinomas, and 29
were in situ (Table 1).

In low-energy images, where morpholo-
gy and distribution were evaluated together,
sensitivity was found to be 72.2%, specificity
62.8%, positive predictive value (PPV) 57.3%,
negative predictive value (NPV) 76.5%, and
accuracy 66.7%; 23.4% of the low-, 52.5% of
the intermediate-, and 88.9% of the high-risk
group were malignant.

In the evaluation based on contrast en-
hancement intensity in recombined images,
of the lesions without contrast enhance-

n Total

Pathologically malignant
Invasive ductal carcinoma
Invasive lobular carcinoma
Ductal carcinoma in situ
Lobular carcinoma in situ
Pathologically benign
Benign with atypia

Atypical ductal hyperplasia
Flat epithelial atypia
Apocrine atypia

Benign without atypia
Papilloma

Fibrocystic changes

Fat necrosis
Fibroadenomatous changes
Ductal hyperplasia without atypia
Apocrine metaplasia
Adenosis

Non-specific connective tissue
Inflammatory process
Ductal ectasia

Classified as benign
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ment, 97.4% (37/38) were benign. In cas-
es with low contrast enhancement, 72.2%
(26/36) were benign. As an example, Figure
2 illustrates this finding. In contrast, moder-
ate and high enhancement intensities were
more frequently associated with malignan-
cy, with 61.9% (13/21) and 81.1% (30/37) of
the lesions being malignant, respectively.
Among the non-enhancing lesions, only
one was malignant. In the primary analysis,
where non-enhancing and low-intensity
enhancing lesions were grouped as benign
and moderate and high-intensity enhancing
lesions were grouped as malignant, a sta-
tistically significant relationship was found
between pathology and contrast enhance-
ment intensity categories (P < 0.001). In the
secondary analysis, where non-enhancing
lesions were classified as benign and any de-
gree of contrast enhancement was classified
as malignant, a statistically significant rela-
tionship was found between the categories
(P < 0.001) (Table 2).

In the primary analysis, the sensitivity
was 79.6%, specificity was 80.8%, PPV was
74.1%, NPV was 85.1%, and accuracy was
80.3%. In the secondary analysis, the sensi-
tivity increased to 98.2%, but the specificity
decreased to 47.4%. The PPV was 56.4%, NPV
was 97.4%, and accuracy was 68.2%. In the
receiver operating characteristics analysis,
the area under the curve (AUC) for low-en-
ergy images was 0.67, whereas the AUC for
recombined images was 0.80 in the primary
analysis and 0.73 in the secondary analysis
(Figure 3). According to regression analysis,
malignancy risk is 14 times higher for low-
60 times for moderate-, and 159 times for
high-intensity contrast than for non-enhanc-
ing lesions.

In the analysis evaluating the relationship
between contrast enhancement intensity
and invasiveness, 25 lesions (46.3%) were
invasive, and 29 (53.7%) were in situ carci-
noma. No statistically significant association
was found between these two parameters (P
= 0.698). Of the 29 in situ carcinomas, 2 were
lobular carcinoma in situ and 27 were DCIS.
All but one DCIS showed enhancement.
Among the 26 DCIS lesions, 5 were low-
grade (2 low, 2 moderate, 1 high enhance-
ment intensity), 9 intermediate-grade (1 low,
4 moderate, 4 high enhancement intensity),
and 12 high-grade (2 low, 2 moderate, 8 high
enhancement intensity). No statistically sig-
nificant association was found between the
histopathological grade of DCIS and contrast
enhancement intensity (P = 0.336).

Out of 132 lesions, 17 (12.9%) exhibit-
ed a homogeneous contrast enhancement
pattern (10 benign, 7 malignant), 70 (53%)
showed a heterogeneous pattern (25 benign,

45 malignant), and 7 (5.3%) demonstrated a
clumped pattern (6 benign, 1 malignant).
In 38 lesions (28.8%), no contrast enhance-
ment was observed. Among the 54 malig-

Figure 2. In the low-energy mediolateral oblique image (a) of a 53-year-old female patient, suspicious
calcifications with a fine pleomorphic morphology and linear distribution are observed. In the recombined
image (b), low-intensity enhancement extending beyond the calcification site is noted. The pathological

diagnosis was benign.

Table 2. Primary and secondary analyses of contrast enhancement intensities and

pathological outcomes

Contrast enhancement intensity Benign Malignant (n=54)  Pearson’s chi-squared
(n=78) (x?) test
n n % P value

Primary analysis

E;:inlz%vbeennfgrr:cement) a8 80.8 1 204 X* =47,256
P <0.001

Favoring malignancy

(moderate + high enhancement) 12 192 43 796

Secondary analysis

(Fsgzr:;g: ce :rlng ennt) 37 47.4 1 1.9 x>=32,343
P <0.001

Favoring malignancy £ S 53 081

(all types of enhancement)

Pearson’s chi-squared (x?) test with cross-tabulations was used to evaluate the association between two categorical

variables.
1.01
0.81
0.6
0.4r
0.2
,/ Low-Energy Images (AUC = 0.67)
s —e— Recombined Images (Primary Analysis) (AUC = 0.80)

0.0 —e— Recombined Images (Secondary Analysis) (AUC = 0.73)

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Receiver operating characteristic curves for both images and analyses. AUC, area under the curve.
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nant lesions, 83% exhibited heterogeneous
enhancement, whereas only 13% showed
homogeneous enhancement. The statistical
analysis yielded P = 0.018, indicating that
heterogeneous contrast enhancement is sig-
nificantly associated with malignancy.

In 22 cases (16.6%), partial contrast en-
hancement was observed in the calcification
region, and in another 22 cases (16.6%), en-
hancement completely overlapped with this
tissue. In 50 cases (37.9%), contrast enhance-
ment extended beyond the calcified tissue.
Among the 21 lesions that underwent exci-
sion in the center and did not receive neoad-
juvant therapy before surgery, with surgical
specimen data, 13 showed enhancement
extending beyond the calcification, 4 had
partial enhancement, and 3 exhibited com-
plete overlap. One non-enhancing case was
excluded. Figure 4 presents a malignant case
with contrast enhancement extending be-
yond the calcifications; in this case, the lesion
length measured on the recombined image
closely matched the pathological excision
size. Correlation analysis revealed a strong
and statistically significant relationship be-
tween lesion length in both low-energy (r =
0.733, P < 0.001) and recombined images (r
= 0.879, P < 0.001) and pathological length.
The Wilcoxon signed-rank test revealed no
statistically significant difference between
the methods (Table 3). Bland-Altman anal-
ysis showed that recombined images tend
to overestimate lesion length by 4.45 mm,
whereas low-energy images tend to under-
estimate it by 4.75 mm (Figure 5).

In the 13 patients who exhibited contrast
enhancement extending beyond the calcifi-
cations and constituted the majority of the
pathologically sampled group, correlation
analysis showed a strong positive and sta-
tistically significant relationship between
pathological length and both calcification
(r=0.822, P < 0.001) and contrast-enhanced
area length (r = 0.825, P < 0.001), similar to
the overall group. This group was import-
ant for addressing the question of whether
the pathological extent exceeded what was
observed on low-energy images. The paired
sample test revealed a significant differ-
ence between pathological and calcification
length (P = 0.012), indicating that calcifica-
tion length alone may underestimate the
true extent of the lesion.

In the analysis of dynamic contrast-en-
hancement types, 8 lesions were ex-
cluded due to the absence of late-phase
images, and 28 lesions were exclud-
ed due to a lack of contrast enhance-
ment. Among the 46 benign lesions, 38
(82.6%) exhibited a type 1 enhancement.

Among the 50 malignant lesions, 28 (56%)
showed a type 1, 16 (32%) exhibited a type
2,and 6 (12%) demonstrated a type 3. Figure
6 presents a case demonstrating high-in-
tensity contrast enhancement with a type 1
dynamic enhancement pattern, which was
ultimately diagnosed as benign. The majori-
ty of lesions with type 2 (72.7%) and type 3
(75%) enhancement were malignant. Figure
7 illustrates an example of type 3 contrast
enhancement with a washout pattern, corre-
sponding to a malignant case. A statistically
significant association was found between
type and malignancy/benignity (P = 0.019).

However, no statistically significant associa-
tion was found between enhancement types
and the distinction between invasive and in
situ carcinoma (P = 0.331) (Table 4).

In the 25 invasive carcinoma cases with
available Ki-67 index data, no statistical-
ly significant linear relationship was found
between Ki-67 (%) values and contrast en-
hancement intensity (P = 0.057). The median
(interquartile range) Ki-67 values were 20.0
(12.3), 8.5 (19.5), and 45.0 (60.0) for lesions
with low-, moderate-, and high-intensity en-
hancement, respectively.

Figure 4. In the low-energy mediolateral oblique image (a) of a 42-year-old female patient, suspicious
calcifications with a fine pleomorphic morphology and segmental distribution are observed. In the
recombined image (b), high-intensity heterogeneous enhancement extends beyond the calcification site,
reaching the nipple. The pathological diagnosis was ductal carcinoma in situ, and the measured pathological
length closely matched the lesion length observed in the recombined images.
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Difference (Pathologic Length - Calcification Length)
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Mean Value (Pathologic Length and Calcification Length)
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Difference (Pathologic Length - Contrast Length)

40 60 80 100 120
Mean Value (Pathologic Length and Contrast Length)

Figure 5. Bland-Altman plots visualizing the discrepancies between the pathological and imaging length.
The left one shows results for low-energy images, and the right one is for recombined images.

Table 3. Comparison of pathological excision size and imaging-based lesion size (Wilcoxon

and Spearman Analyses)

Length (mm) Wilcoxon Spearman’s p (rho)
Median Slgni’d\;::: test P value
(IQR)

Pathological length 49.15+33.22 36.0(50.5)
. I Z=-0.880 r=0.733
Microcalcification length 4440+ 3231 40.0(39.0) P=0379 P <0.001
Z=1.084 r=0.879
Enhancement length 53.60+33.39 47.5(48.8) P=0278 P <0.001

The Wilcoxon signed-rank test was used to assess paired differences between measurements. Spearman’s correlation
coefficient (p) was calculated to evaluate the relationship between imaging and pathological sizes. IQR, interquartile

range; SD, standard deviation.
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Discussion

In the analysis of groups categorized
based on morphology and distribution, the
findings indicate that although low-energy
images (i.e, mammography) demonstrate
good performance according to our clas-
sification, they may still lead to missed ma-
lignancy in 23.4% of patients with low-sus-
picion features. Therefore, according to
the BI-RADS atlas, pathological sampling is
recommended, even for patients we classi-
fied as having low suspicion. However, this
approach resulted in unnecessary biopsy
recommendations in 47.5% of the interme-
diate suspicion group and 11.1% of the high
suspicion group. These findings on standard
mammography support the need for func-
tional assessment of the tissue using CEM, an
alternative imaging modality.

Our study identified only one malignant
case that did not exhibit contrast enhance-
ment that was diagnosed as intermedi-
ate-grade DCIS. We attributed the absence of
enhancement to the in situ nature and a low
Ki-67 of only 1%. As the contrast enhance-
ment intensity increased, the malignancy
rate was observed to rise across groups. In
the secondary analysis, a much higher sen-
sitivity was achieved than with the primary
analysis and low-energy images. If contrast
enhancement presence alone is considered
a malignancy indicator, CEM achieves 98.2%
sensitivity, almost eliminating the risk of
missing malignant cases. However, in the
secondary analysis, specificity decreased,
leading to a higher false-positive rate. On
the other hand, the increase in NPV indicates
that in the absence of enhancement, CEM
can rule out malignancy with 97.4% accu-
racy. The primary analysis provided a more
balanced and consistent performance, albeit
with slightly lower sensitivity. From a breast
cancer diagnostic perspective, missing a
diagnosis can have fatal consequences, so
avoiding false negatives should be priori-
tized. Although false positives may lead to
unnecessary biopsies, the high NPV suggests
that some unnecessary procedures can be
avoided. Low-intensity contrast enhance-
ment may have been confused with back-
ground enhancement in some cases, poten-
tially affecting our findings. Additionally, the
qualitative nature of our study presents an-
other limitation: the lack of sharply defined
classification boundaries.

Among various studies, where the pres-
ence of enhancement is considered a malig-
nant feature, our secondary analysis demon-
strated the highest sensitivity and NPV.&"

Figure 6. In the low-energy mediolateral oblique (MLO) image of a 44-year-old female patient (a) and the
corresponding magnified view (b), suspicious calcifications with coarse heterogeneous morphology and
segmental distribution are observed. In the recombined early-phase (c) and recombined delayed-phase
(d) MLO images, heterogeneous, high-intensity contrast enhancement overlapping the calcification area is
noted, with an increase in intensity from the early to the delayed phase, consistent with a type 1 (persistent)
enhancement pattern. The pathological diagnosis was papillomatous changes with benign characteristics.

Figure 7. In the low-energy mediolateral oblique (MLO) image (a) and its magnified view (b) of a 48-year-
old female patient, suspicious calcifications with a coarse heterogeneous morphology and grouped
distribution are observed. In the recombined early-phase MLO image (c) and late-phase MLO image (d),
high-intensity heterogeneous enhancement extending beyond the calcification site is noted, with more
intense enhancement in the early phase, followed by a decrease in the late phase, which was a type 3
(washout) pattern. The pathological diagnosis was intermediate-grade ductal carcinoma in situ.
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Table 4. Distribution of dynamic enhancement types in benign and malignant and invasive

and in situ Lesions

Benign (n = 46)

Malignant (n = 50) Pearson'’s chi-

Dynamic

squared (x?) test

V) V)

enhancement n i n % P value
type
1 38 82.6 28 56.0

X2 = 7,907
2 6 13 16 32.0 P=0.019
3 2 4.4 6 12.0

Invasive malignant (n =24)  Insitu malignant (n = 26)
n % n %

1 11 45.8 17 65.4

X2=2,210
2 10 41.7 6 23.1 P=0.331
3 3 12.5 3 11.5

Pearson’s chi-squared (x?) test with cross-tabulations was used to evaluate the association between two categorical

variables.

In the majority of studies, NPV was consis-
tently found to be high. This supports the
role of CEM as a valuable imaging tool in re-
ducing unnecessary biopsies for suspicious
calcifications, which are relatively more chal-
lenging to sample than mass lesions.

In the study by Nicosia et al."!, a primary
analysis similar to ours was also conducted.
Their findings reported a sensitivity of 53.3%,
specificity of 95.8%, PPV of 84.2%, NPV of
82.9%, and an accuracy of 83.2%. Similar to
our study, in the secondary analysis, sensi-
tivity increased but specificity decreased. In
another study among 24 cases, all malignant
lesions exhibited contrast enhancement at
varying intensities. All in situ carcinomas and
one benign lesion showed low-intensity en-
hancement, whereas the remaining benign
lesions showed no enhancement.” Quanti-
tative studies that include various breast le-
sions, rather than being specific to suspicious
calcifications, have also identified a trend of
lower contrast enhancement intensity in
benign lesions and higher in malignant le-
sions.’>"”

In studies evaluating suspicious calcifica-
tions not associated with a mass with MRI,
a 2016 meta-analysis reported that studies
assessing the presence of enhancement
found MRI to have an average sensitivity
of 92%, specificity of 75%, PPV of 78%, and
NPV of 93%.® In a study by Taskin et al.,
which included 444 cases of suspicious cal-
cifications detected on mammography, MRI
demonstrated a sensitivity of 95.2%, specific-
ity of 40.2%, PPV of 49.2%, and NPV of 93.3%.
These findings are highly comparable with
our secondary analysis. The effectiveness of
MRI in assessing tissue function is undeni-
able, but the primary advantage of CEM over
MRI is its ability to overlay functional infor-

mation directly onto the low-energy image,
which already provides a detailed assess-
ment of calcification morphology and distri-
bution. MRI does not visualize calcifications
and only allows for the interpretation of tis-
sue function. As a result, evaluation requires
additional digital mammography, necessitat-
ing the integration of two separate imaging
modalities. Moreover, differences in patient
positioning-prone for MRI and upright for
mammography-can make three-dimension-
al localization and anatomical correlation
between calcifications and enhancement
more challenging. Additionally, MRI's longer
acquisition time, limited accessibility, low-
er patient tolerance, and high cost further
highlight the need for an alternative imaging
method in this patient group.?®

In the comparison of both images, the
sensitivity, NPV, accuracy, and AUC of recom-
bined images alone were found to be high-
er than those of low-energy images in both
analyses. Although these values were com-
pared separately in our study, CEM inherent-
ly combines both imaging types. Therefore,
it can be anticipated that assessing findings
together would significantly enhance the
overall diagnostic performance.

Studies in the literature evaluating specif-
ically suspicious calcifications have typically
assessed the distinction between invasive
and in situ carcinoma or the grading of DCIS
based solely on the presence or absence of
contrast enhancement.®°222 |n our study,
however, all but 1 malignant lesion exhibit-
ed contrast enhancement. In one study in-
cluding 15 lesions, all DCIS cases exhibited
low contrast enhancement; however, the
variation in enhancement intensity among
invasive ductal carcinoma cases introduces
inconsistency, limiting its reliability in clearly
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differentiating these two entities.’”> Our re-
sults suggest that there is a predominance
of high-intensity contrast enhancement in
invasive carcinomas; however, since half of
the in situ cases also exhibited high-intensity
enhancement, this prevented us from ob-
taining a statistically significant distinction.
Similarly, although no statistically significant
relationship was found between contrast
enhancement intensity and the histopatho-
logical grade of DCIS, 66.6% of high-grade
cases demonstrated high-intensity enhance-
ment. Although the relationship was not
statistically significant, a trend toward high-
er enhancement in high-grade lesions was
observed. Larger-scale studies are needed to
obtain more definitive conclusions.

When evaluating contrast enhancement
patterns, it was observed that heteroge-
neous enhancement was more prominent in
malignant cases, whereas more than half of
the homogeneously enhancing lesions were
benign. These results are consistent with the
existing literature.’®” Clumped enhance-
ment did not provide meaningful data due
to the limited number of cases in this group.

Recombined images  outperformed
low-energy images, exhibiting a smaller
mean difference and a higher correlation co-
efficient. The group with contrast enhance-
ment extending beyond the calcification
area was particularly important in evaluat-
ing our hypothesis: “Could the pathological
tissue be larger than what is observed in
low-energy images?” In this subgroup, the
correlation coefficient for recombined imag-
es was higher than for low-energy images,
indicating a stronger association. Addition-
ally, a statistically significant difference was
observed between low-energy images and
pathological length. In the study by Cheung
et al® low-energy images overestimated
pathological length by an average of 4.2
mm, whereas recombined images showed
a smaller mean difference of 0.5 mm, indi-
cating a more accurate length estimation.
However, Houben et al.® reported a mean
difference of 0.3 mm for low-energy and 4.5
mm for recombined images, although the
correlation coefficients in their study were
comparable with those in our study. To our
knowledge, there is no other study specifi-
cally comparing the lesion length between
CEM and pathology in this group. Most of
the studies mentioned above, as well as oth-
er studies including various breast lesions
in the literature, share a common finding:
contrast-enhanced images tend to overesti-
mate lesion length, which is consistent with
our study’s results.'>?*?> In some studies, the
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mean difference between pathology and
low-energy images was smaller, but in all
cases, recombined images exhibited a high-
er correlation coefficient, indicating a stron-
ger association between recombined images
and pathological length. The overestimation
in CEM can be attributed to contrast agent
extravasation into the surrounding tissue
due to increased vascular permeability and
compression applied during imaging, which
may further disperse tissues and enhance
lesion dimensions. Some studies have iden-
tified that low-energy images may also over-
estimate lesion length, which could be at-
tributed to breast compression.2°% However,
contrary to this, in our study, low-energy im-
ages tended to underestimate lesion length.
This finding supports our hypothesis that
relying solely on mammographic images in
breast-conserving surgery may increase the
risk of positive surgical margins.

To our knowledge, no prior study has
specifically analyzed dynamic enhancement
patterns in suspicious calcifications without
a mass. A significant association was found
between enhancement types and malig-
nancy. Compared with a previous study that
evaluated various breast lesions, the main
difference in our findings is that approxi-
mately half of our malignant lesions also
exhibited a type 1 enhancement.' We attri-
bute this difference to the higher metabolic
activity of mass-forming lesions in previous
studies compared with the suspicious calci-
fications not associated with a mass in our
study, which may result in faster contrast up-
take and washout kinetics.

The other parameter we evaluated was
the Ki-67 index, a marker of tumor cell pro-
liferation, which has been associated with
higher relapse rates and lower survival.®
In recent years, the potential impact of
pre-treatment prognosis prediction on ther-
apy selection has led to increasing interest in
assessing whether Ki-67 levels-and conse-
quently prognosis—can be inferred from im-
aging findings. To our knowledge, the only
two studies in the literature investigating
CEM and Ki-67 were conducted by Depret-
to et al.¥ Their findings showed that most
non-enhancing lesions had a Ki-67 index
<20%, whereas more than half of the malig-
nant, contrast-enhancing calcifications had a
Ki-67 index >20%." In our study, only inva-
sive carcinomas were analyzed. Although the
median Ki-67 index in moderately enhanc-
ing lesions was unexpectedly lower than in
low-enhancing lesions, disrupting a clear
linear relationship, the P value was very close

to statistical significance (0.05). The high-in-
tensity enhancement group had the highest
median Ki-67 values. Although answering
the question of whether higher contrast en-
hancement at diagnosis could indirectly indi-
cate a worse prognostic factor requires larg-
er studies with broader patient populations,
our findings suggest promising potential for
further investigation in this area.

Our study was conducted retrospective-
ly, which presents certain limitations. Some
benign lesions were considered benign with-
out histopathological confirmation. Even
if stability is observed over a 2-year period,
considering such lesions as benign-particu-
larly in cases of in situ carcinomas, which may
progress slowly-may not be a controversial
approach in clinical practice. Retrospective
evaluation reveals that in the majority of
these patients, the suspicion of malignancy
was significantly reduced through addition-
al imaging methods and clinical experience,
and the decision for follow-up without biop-
sy was made in accordance with patient pref-
erence. Additionally, surgical tumor length
data of some patients were not available.
For comparisons with pathology, only the
longest dimension in a single imaging plane
was used. Other measurements in our study
were qualitative. Furthermore, this was a sin-
gle-center study, which may limit the gener-
alizability of the findings.

In conclusion, CEM offers a significant
advantage over MRI in the evaluation of
suspicious calcifications, as it allows for the
simultaneous assessment of both calcifica-
tion morphology and distribution as well
as tissue functionality. This dual capabil-
ity, which combines the mammographic
equivalent low-energy images with MRI-like
recombined images, enhances diagnostic
accuracy beyond mammography alone and
provides valuable insights into tumor extent,
potentially aiding surgical decision-making.
Through various analyses, we found that
the presence of enhancement demonstrat-
ed high sensitivity for malignancy, and in-
creasing enhancement intensity correlated
with a higher malignancy risk. Additionally,
CEM outperformed mammography alone
in detecting malignancy and could assist in
surgical planning by better reflecting disease
extent. However, despite its potential, con-
trast enhancement intensity did not achieve
statistical significance for distinguishing
invasive from in situ carcinoma or for grad-
ing DCIS. Dynamic time-intensity analysis,
similar to MRI kinetics, may aid lesion char-
acterization, and the potential role of en-

hancement intensity as a prognostic factor
warrants further investigation. Given the
limited number of studies focusing on this
subgroup, larger-scale, multicenter research
is needed for more robust conclusions. CEM
remains a promising imaging modality for
suspicious calcifications, a category where
radiologists have yet to reach a consensus on
standard practice, routine approaches vary,
and pathological sampling remains relatively
challenging. It has the potential to provide
more reliable and clinically useful results,
making it a valuable candidate for wider im-
plementation.
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