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Methods: This was a prospective observational single-center cohort study,
which included women with BI-RADS 4-5 lesions on mammography/
ultrasound (US) who subsequently underwent 1.5T MRI (encompassing
DCE-MRI, DWI, and MRS). The histological subtypes of breast cancer were
assessed. Estrogen receptor (ER), progesterone receptor (PR), Ki-67
status, and human epidermal growth receptor-2 (HER2) expression,
assessed by immunohistochemistry (IHC), defined four molecular subtypes:
luminal A, luminal B, HER2-enriched (Her2en), and triple-negative breast
carcinoma (TNBC). Statistical associations between the four molecular
subtypes and MRI features were investigated.

Results: Fifty patients were included in the study. Circumscribed margins
were significantly correlated with triple-negative tumors compared to others
(78% versus 6%, p <0.001). Spiculated margins were observed in non-
triple negative tumors. Rim enhancement was significantly correlated to
triple-negative tumors compared to all other subtypes (71.4% versus 25%,
p =0.035). Mean apparent diffusion coefficient (ADC) values were signifi-
cantly lower for luminal subtypes compared to non-luminal subtypes
(p <0.001). The total choline (tCho) signal-to-noise ratio (SNR) was higher
in triple-negative tumors. A combined algorithm using DCE-MRI, DWI, and
MRS can predict TNBC and Her2en with specificity of 86.6% and 100%,
respectively, and sensitivity of 100% and 85.37%, respectively.
Conclusion: The combination of mMRI with DCE-MRI, DWI, and MRS can
accurately differentiate the molecular subtypes of breast carcinoma.
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INTRODUCTION

Breast cancer is the world's most prevalent cancer,
leading to more disability-adjusted life years lost by
women globally than any other type of cancer. The
treatment of breast cancer is highly effective, depend-
ing on the histologic grade and histopathological type of
cancer (estrogen receptor/progesterone receptor [ER/
PR]) status and human epidermal growth receptor-2
[HER2] neu status), which classify the tumors into
four main molecular subtypes: luminal A, luminal B,
HER2-enriched (Her2en), and triple-negative breast
carcinoma (TNBC). Biopsy and subsequent gene ex-
pression profiling are necessary to identify distinct
molecular subtypes of breast cancer, which is rather
costly and requires specialized technical expertise.
Therefore, it could be advantageous to explore cost-
effective and time-efficient alternative means to distin-
guish between distinct molecular subtypes of breast
cancers.

Dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) of the breast is the most sensitive
imaging test for breast cancer, with a pooled sensitivity
of 93% [1-4]. However, because of the overlap of
morphologic and kinetic features between benign and
malignant lesions, there are limitations in the specificity
(pooled specificity of 71%), resulting in unnecessary
breast biopsies [5, 6]. The addition of MR spectroscopy
(MRS) and diffusion-weighted imaging (DWI) to DCE
imaging could potentially improve the specificity of the
standard MRI protocol and might represent a new
multiparametric approach to breast MRI. The objective
of this study was to evaluate the imaging character-
istics that differentiate between various molecular
subtypes of breast cancer and to develop an imaging-
based algorithm for their classification.

MATERIALS AND METHODS
Subjects

This prospective observational case-control study was
done for two years, from July 2019 to August 2021, at a
tertiary care university-based hospital. The study
included women with mammographic or ultrasound
(US) findings of BI-RADS 4 or 5 breast lesions who
underwent multiparametric MRI (mMRI). Patients with
contraindications to MRI and/or contrast agent injec-
tion, history of previous surgery/biopsy, or radiation or
chemotherapy for breast cancer were excluded.

MRI

MRI of bilateral breasts was done using a 1.5 Tesla
superconducting magnet (Magnetom Avanto; Siemens
Medical System) equipped with a dedicated breast coil
for optimal resolution and signal-to-noise ratio (SNR).
On MR, the images acquired were as follows: T1 axial
(TR/TE=400/10ms; 50 contiguous slices with 3mm
thickness), T2 axial FATSAT (TR/TE =5000/60 ms; IR
230 ms; 50 contiguous slices with 3 mm thickness),
DWI, postcontrast T1 axial FATSAT, DCE imaging, and
MRS. Diffusion-weighted images were obtained using
a short T1 inversion recovery (STIR) b values 0 and
800 s/mm?; field of view (FOV), 380 mm. Apparent
diffusion coefficient (ADC) maps were automatically
generated with the manufacturer's software. Post-
contrast series was performed immediately after an
injection of gadolinium diethylene-triamine penta-
acetic acid (Gd-DTPA) DTPA (Gadovist) at a rate
of 3mL/s with a dose of 0.1 mmol/kg body weight,
followed by a flush of 10 mL normal saline. MRS was
acquired using a single-voxel (volume = 1 cm®)
point-resolved volume selection (PRESS) technique
(TR/TE =3000/135 ms). To avoid false negative results
due to the small amount of choline-containing tissue
compared to the probing voxel, lesion volume was kept
to > 1 cm? in the analysis, which was done before
contrast injection. Voxel positioning was done on
axial, coronal, and sagittal reconstructions of the T2- or
T1-weighted sequences.

MRI evaluation

Tumor was assessed on T1W, T2W, and post-
contrast T1 images. Tumor margins were classified
as circumscribed, irregular, or spiculated margins.
Postcontrast tumor enhancement was categorized as
homogenous, heterogeneous, or rim enhancement.
Perilesional edema were areas of high T2 signal
around the mass without uptake of contrast. For the
calculation of ADC value, a single region of interest
(ROI) was drawn on ADC maps by freehand tech-
nique to include the entire solid component of the
tumor. Areas of large necrosis were excluded, how-
ever, smaller cystic/necrotic areas interspersed
between solid components were not excluded to
reflect the heterogeneity of the tumor.

On MRS, a subjective assessment was performed to
detect the presence of a peak at 3.2 ppm, which aided in
identifying total choline (tCho). Next, SNR was measured
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using the peak intensity (height), and SNR>=2 was
considered to be positive for the tCho. Furthermore, SNR
(height of the resonance peak) was quantified and
compared across different cancer subtypes.

Histopathological analysis

Core biopsies were performed using a disposable
core biopsy needle (Bard Max-core needle) of 18
gauge with a needle length of 16 cm and sample
notch length of 1.9cm. The sample collected was
dispatched to the Department of Pathology in 10%
formalin solution before undergoing chemotherapy or
surgery. Immunohistochemical staining of needle
core biopsies was conducted on subsequent sections
using four distinct ready-to-use rabbit monoclonal
antibodies. The proportion of nuclei exhibiting
immunoreactivity to ER, PR, and Ki-67 were cate-
gorized as 0% to 100%. Specifically, ER-positive and
PR-positive cases demonstrated staining in at least
10% of the tumor cell nuclei. Ki-67 status was cate-
gorized as low if < 20% Ki-67 was detected, and high
if > 20% Ki-67 was detected. For assessing HER2
expression, the membrane staining of invasive tumor
cells was assigned scores ranging from 0 to 3.

Statistical analysis

Statistics were performed on SPSS® version 22.0 (IBM
Corp 2013). Descriptive analysis was carried out by
mean and standard deviation for quantitative variables,
and frequency and proportion for categorical variables.
The mean values of normally distributed quantitative
parameters were compared between study groups
using ANOVA (>2 groups). The relationship between
molecular types and the tCho peak, as well as mass
size (cm), was evaluated by comparing the mean val-
ues (Kruskal-Wallis test). The association between
molecular type and breast composition, background
parenchymal enhancement (BPE), mass shape, loca-
tion quadrant, mass margin, mass internal enhance-
ment, T1 signal intensity, T2 signal intensity, perile-
sional edema, DWI, kinetic curve, MRS choline peak,
skin involvement, nipple involvement, chest wall
involvement, or lymph node status was assessed by
cross-tabulation and comparison of percentages. Chi-
square test/Fisher's Exact test was used to test sta-
tistical significance. p <0.05 was considered statisti-
cally significant. To determine ADC threshold values
for both diagnostic and prognostic implications of
variables, receiver operating characteristic (ROC)
curves were constructed, which evolved precise cal-
culation of sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) using
standard formulas.

RESULTS

A total of 65 patients were enrolled in this study, among
which 15 were excluded (non-mass enhancement on
MRI [n =12], lobular carcinoma [n =2], and patient lost
to follow-up [n = 1]). Fifty patients were included in this
study with a mean age of 47.43+13.1 years old.
Table 1 summarizes the details of the patients included. In
the 50 patients, we identified 14 (28%) luminal A tumor
patients, 10 (20%) luminal B tumor patients, 12 (24%)
Her2en cases, and 14 (28%) TNBC patients. The mean
age of the patients with luminal A subtype (44.64 + 10.63)
was lower than that with luminal B (50 = 13.72), Her2en
(49.17 £10.9), and TNBC (49.07 + 18.50) subtypes, how-
ever, the difference was not statistically significant.

Table 2 summarizes the imaging features of differ-
ent subtypes (Figures 1-4). MRI identified unifocal
disease in 38 (76%), multifocal in 9 (18%), and bilateral
in 2 (4%) patients. Margins were circumscribed in 17
(34%) and non-circumscribed in 33 (66%) mass-like
lesions. The enhancement pattern in mass-like lesions
was homogeneous in 7 (14%), heterogeneous in 22
(44%), and rim-enhanced in 19 (38%) patients. The
enhancement kinetic curves revealed that 2 cases (4%)
exhibited type 1, 30 cases (60%) displayed type II, and
18 cases (36%) showed type lll. The size was signifi-
cantly smaller in luminal subtypes (p = 0.006).

The proportion of tumors with circumscribed mar-
gins was significantly higher in TNBC (78%) compared
to Her2en and Iluminal lesions (p<0.001), while

TABLE 1 Demographic details of the patients included.
Variable Details
Mean age 47.43 + 131

Menopausal status Premenopausal: 19 (38%);

post-menopausal: 31 (62%)

Tumor grade Grade 1: 17 (34%); Grade 2: 33 (75%);

Grade 3: 0
Tumor IHC Subtypes Mean age (years)
Luminal A: 44.64 + 10.63
14 (28%)
Luminal B: 50+ 13.72
10 (20%)
Her2en: 12 (24%) 49.17+10.9
TNBC: 14 (28%)  49.07 +18.50

ER expression: 20 (40%)

Ki-67 expression > 14%: 38 (78%)
Nodal status Positive: 31 (62%); negative: 19 (38%)
Tumor type IDC: 34 (68%); IDC-NOS: 16 (32%)

Abbreviations: ER, estrogen receptor; Her2en, HER2-enriched; IDC, infiltrative
ductal carcinoma; IDC-NQOS, invasive ductal carcinoma not otherwise specified;
IHC, immunohistochemistry; TNBC, triple-negative breast carcinoma.
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TABLE 2 Magnetic resonance imaging (MRI) characteristics with molecular subtypes.
Luminal A Luminal B Her2en TNBC p value
Median mass size (cm) 2.75 2.8 5.3 4.75 0.006
Mass shape Irregular (78%) Irregular (80%) Round (50%) Round (35.7%) 0.035
Location (breast quadrant)  Upper outer (42.9%)  Upper outer (40%) Central (41.7%) Upper outer (57.1%) 0.251
Mass margins Spiculated (64.3%) Spiculated (70%) Spiculated (58.3%) Circumscribed (78.6%)  0.001
Internal enhancement Heterogeneous (46%) Heterogeneous (70%) Heterogeneous (58.3%) Rim (71%) 0.035
Edema Absent (66.7%) Present (77.8%) Present (83.3%) Present (85.7%) 0.021
Multifocality Absent Present Absent Absent < 0.001
T1 signal intensity Low (100%) Low (100%) Low (100%) Low (85.7%) =
Kinetic curve type Type Il (71.4%) Type 1l (80%) Type 1l (58.3%) Type 1l (50%), 0.069
Type 1l (50%)
Mean ADC (1 x 10° mm?s) 0.89 0.66 1.13 1.06 < 0.001
Choline peak Absent (66.7%) Present (62.5%) Present (100%) Present (90.9%) 0.002
Choline peak SNR - 6.10 42.3 100.87 -
Mean lymph node size (cm) 1.35 1.55 1.6 1.44 -
(short axis)

Abbreviations: ADC, apparent diffusion coefficient; Her2en, HER2-enriched; TNBC, triple-negative breast carcinoma.

FIGURE 1 Axial magnetic resonance (MR) image showing a circumscribed round lesion in a 79-year-old woman with a left breast tumor.
(a) Low intensity on T1 image (white arrow). (b) T2 spectral attenuated inversion recovery (SPAIR) image showing intermediate to high intensity
with few internal cystic areas, associated with perilesional edema (blue arrow). (c) Postcontrast image showing predominantly peripheral
enhancement (black arrow) and central nonenhancing area (star). (d) Apparent diffusion coefficient (ADC) map showing mixed areas of low
signal intensity and relatively high signal, resulting in overall higher value of tumor ADC. (e) Magnetic resonance (MR) spectroscopy showing
choline peak. (f) Signal intensity—time curve showing rapid washout (Type Il curve). (g—i) Histopathology images of immunohistochemistry (IHC)
at magnification x20 showing estrogen receptor (ER)-negative (g), progesterone receptor (PR)-negative (h), and Her2neu-negative tumors (i),

suggestive of triple-negative subtype.
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FIGURE 2 Axial MR image of a 45-year-old patient with tumor in the right breast. (a) Low intensity on T1 image. (b) T2 spectral attenuated
inversion recovery (SPAIR) image showing intermediate to high intensity with irregular spiculated margins, associated with minimal perilesional
edema. (c) Postcontrast image showing homogeneous enhancement (yellow arrow). (d) Aapparent diffusion coefficient (ADC) map showing low
signal intensity, however ADC value is relatively higher. (e) Magnetic resonance (MR) spectroscopy showing choline peak. (f) Type Il intensity—
time curve showing plateau. (g—i) Histopathology images of immunohistochemistry (IHC) at magnification x20 showing estrogen receptor
(ER)-negative (g), progesterone receptor (PR)-negative (h), and Her2neu-positive tumors (i), suggestive of Her2en subtype.

FIGURE 3 A 45-year-old patient with tumor of the right breast showing an irregular spiculated mass lesion. (a) An irregular spiculated
(arrow) mass lesion showing low signal intensity on T1W image. (b) T2 spectral attenuated inversion recovery (SPAIR) image showing
intermediate to high intensity, no significant edema. (c) Postcontrast image showing heterogeneously enhancement. (d) Corresponding
apparent diffusion coefficient (ADC) map showing low signal intensity. (e) Magnetic resonance (MR) spectroscopy showing the absence

of choline peak. (f) Type Il intensity—time curve revealing plateau after peak contrast enhancement. (g-i) Histopathology slides for
immunohistochemistry (IHC) at magnification x20 of estrogen receptor (ER)-positive (g), progesterone receptor (PR)-positive (h), Her2neu-
negative (i), and low Ki-67 status, suggestive of luminal A subtype.
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FIGURE 4 A65-year-old patient with the right breast lesion showing a noncircumscribed irregular lesion. The white arrow points at the mass
lesion. (a) Low signal intensity on T1WI. (b) T2 spectral attenuated inversion recovery (SPAIR) image showing intermediate to high intensity,
minimal perilesional edema. (c) Postcontrast image showing heterogeneous enhancement. (d) Corresponding apparent diffusion coefficient
(ADC) map showing very low signal intensity. (e) Magnetic resonance (MR) spectroscopy showing choline peak. (f) Type lll intensity—time curve
showing washout. (g—i) Histopathology images for immunohistochemistry (IHC) at magnification x20 of estrogen receptor (ER)-positive (g),
progesterone receptor (PR)-positive (h), Her2neu-negative (i), and high Ki-67 status, suggestive of luminal B subtype.

spiculated margins were observed in most of the
Her2en (58.3%) and luminal tumors (64.3% for luminal
A and 70% for luminal B). Round mass shape was
significantly associated with non-luminal subtypes
(85.7% for non-luminal versus 14.3% for luminal sub-
types, p=0.035), while the luminal subtypes mostly
showed irregular shape. Rim enhancement was seen
in the triple-negative tumors with significantly higher
frequency (71.4%) compared to all other subtypes
(25%) (p =0.035). The kinetic curve types did not differ
significantly when comparing different molecular sub-
types (p > 0.069).

The mean value of ADC was significantly higher in
non-luminal subtypes compared to luminal subtypes
(p <0.001). An ROC curve was constructed for ADC
measurements to identify the non-luminal subtypes,
resulting in a defined threshold of 0.88 x 10~ mm?/s
(Figure 5), which demonstrated high sensitivity (96%)
and an acceptable specificity (60%) in predicting non-
luminal subtypes. MRS revealed a choline peak with an
SNR of 2 or greater in 29 patients, accounting for 74.4%,
with the range extending from 2 to 117.40. The mean
value of SNR was 6.10 in luminal B, 100.87 in TNBC,
and 42.3 in Her2en subtypes, respectively. None of the
luminal A subtype patients showed choline peaks. ROC
curve, plotted to distinguish Her2en and TNBC, revealed
a cut-off of 56, which demonstrated high sensitivity.

TNBC showed the largest mean lymph node size
(1.44+£0.60) and luminal A showed the smallest
(1.35+0.38). Perilesional edema was significantly
associated with luminal B subtype compared to other
groups (70.2% versus 14%, p =0.021). No statistically
significant association was observed between mass
location, breast composition, BPE, lymph node cha-
racteristics (including shape and number), or the pre-
sence of chest wall, nipple, or skin invasion and the
molecular subtypes of the tumors. This suggests that
these features may not be strongly indicative of the
molecular subtype classification in breast cancer.

Based on our findings, an imaging algorithm was
devised to predict the different subtypes of breast
carcinoma (Figure 6). ADC value provides an accurate
measure to distinguish luminal and non-luminal sub-
types (higher than 0.88 x 10™ mm?/s). Further triple
negative carcinoma (TN) subtypes can be diagnosed
as those with circumscribed margins, rim enhance-
ment, and larger choline peaks whereas Her2en
tumors show non-circumscribed margins and hetero-
genous non-rim enhancement. In the luminal group
tumors, the presence of multifocality, perilesional
edema, and choline peaks on MRS suggests luminal B
subtype. Table 3 shows the sensitivity, specificity, PPV,
and NPV of the proposed algorithm for predicting var-
ious subtypes of ductal carcinoma of the breast. The
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FIGURE 6 Imaging algorithm to predict the different subtypes of breast carcinoma.
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TABLE 3 Sensitivity (%), specificity (%), positive predictive value (PPV), and negative predictive value (NPV) of the proposed algorithm in

predicting different subtypes of breast carcinoma.

IHC Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Luminal 70 92.59 87.5 80.6
TNBC 100 86.67 100 93.75
Her2en 85.37 100 62.5 100

Abbreviations: Her2en, HER2-enriched; IHC, immunohistochemistry; TNBC, triple-negative breast carcinoma.

algorithm demonstrated excellent diagnostic accuracy
in identifying TNBC and Her2en subtypes, and it
achieved high accuracy in recognizing luminal tumors.
Nevertheless, the accuracy of the algorithm in distin-
guishing between luminal A and luminal B subtypes
was only moderate.

DISCUSSION

The results of our study could procure an MRI-based
algorithm to identify the subtypes of ductal carcinoma
of the breast, which employs a combined application of
DWI, post-contrast enhancement characteristics, tumor
margin evaluation, presence of surrounding breast
edema, and MR spectroscopic assessment.

Previous studies have revealed higher values of
ADC in non-luminal tumors, especially TN subtype,
although the cut-off and the mean ADC in each subtype
have been variable [7—15] (Table 4). The majority of the
studies reveal higher ADC in non-luminal tumors, similar
to the findings observed in our study. However, signifi-
cant variations exist in the methodologies employed to
obtain ADC values, leading to discrepancies in the out-
comes and inconsistency in ADC values across different
tumor subtypes. Meticulous standardization is required
for image analysis, particularly concerning the dimen-
sions and positioning of ROI, as well as the determina-
tion of whether to incorporate areas of necrosis or cysts
into the ADC calculation. In the present study, the entire
tumor was included to construct the ROC for ADC
measurement, however, regions with substantial
necrosis were excluded, especially in TN tumors.
Nonetheless, the cystic/necrotic areas interspersed
within solid components were not excluded from the
analysis. An ADC threshold of 0.88x 10°mm?/s has
emerged as the most precise imaging biomarker for
differentiating between luminal and non-luminal tumors.

Other important markers in tumor characteristics
are the tumor margins and patterns of enhance-
ment. Well-circumscribed smooth margins were
found in TNBC, whereas spiculated margins were
observed in other tumor subtypes. In previous
research, irregular or spiculated margins have been
associated with luminal tumors, whereas Her2en
tumors might exhibit irregular or microlubulated

margins [16] or show enhancement patterns that are
not mass-like. Smooth margins and round shape
have been associated with TNBC in most of the
studies, however, few studies also report smooth
margins in Her2en tumors [15, 17-20]. Our study
revealed that approximately 71.4% of TNBC tumors
exhibited rim enhancement, while other subtypes
typically displayed heterogeneous enhancement.
These results were in concordance with the majority
of previous studies, which have documented a
diverse incidence of rim enhancement in TNBC,
ranging between 41% and 80% [12, 15, 20, 21].

Proton MRS (H-MRS) is a promising technique that
can explore the differences in the biochemical milieu of
various tumors although its utility has been less ex-
plored in breast cancers. A study by Cao et al. revealed
increased choline levels in TNBC and high glycine
levels in Her2en tumors [22]. Chen et al. also demon-
strated a quantifiable choline peak in TNBC [23]. In our
study, we observed that all tumor subtypes, except for
luminal A, displayed choline peaks, and the signal
integral was the most pronounced in TNBC. Conse-
quently, MRS could potentially assist in differentiating
between TNBC and Her2en tumors, as well as between
luminal A and luminal B subtypes, according to our
algorithm.

In addition to being a single-center study with a
restricted number of participants, our study had certain
limitations. Firstly, we did not include lesions categorized
as non-mass enhancement in our study cohort, which
potentially introduced selection bias. Secondly, the
images were analyzed by two observers in consensus.
A blind independent assessment could have enabled us
to analyze interobserver agreement, and would lead to
more diverse results by minimizing observer bias. The
strength of our study lies in its prospective design and
the incorporation of DCE-MRI, DWI, and MRS to
develop an algorithm that could potentially provide
imaging markers to differentiate the subtypes of breast
carcinoma. Additionally, the ADC values for the entire
tumor were measured by using a freehand ROI instead
of taking only a small area, ensuring a comprehensive
representation of tumor heterogeneity.

In conclusion, the integration of DCE-MRI, DWI,
and MRS enables the differentiation of molecular
subtypes of breast carcinoma. Notably, TN subtype
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TABLE 4 Summary of the existing literature on the role of apparent diffusion coefficient (ADC) values in predicting tumor subtypes.

Number of

patients in Mean ADC values
Studies each type (x10~> mm?/s)
Montemezzi Luminal A (66) Luminal A: 0.924
et al. [7] Luminal B (292) Luminal B: 0.852

Surov et al. [8]

HER2 (39)
TN (56)

Luminal A (177)
Luminal B (279)

TN: 0.862
Her2en: 0.805

Luminal A: 1.01 +0.22
Luminal B: 0.95 +0.23

HER2 (66) Her2en: 1.04 +0.23
TN (111) TN: 0.95+0.17
Horvat et al. [9] Luminal A (71) Luminal: 2.13

Luminal B (13)

Non-luminal: 2.33

HER2 (4)
TN (19)
Lee et al. [10] Luminal (39) Her2en: 1.306
HER2 (4) Her2-negative: 1.096
TN (9)
Martincich Luminal A (22) HER2: 1.190
et al. [11] Luminal B (129) Luminal A: 1.025
HER2 (41) Luminal B: 1.060
TN (24)
Youk et al. [12] Luminal (119) TN: 1.03
HER2 (94) Luminal: 0.89
TN (58) Her2en: 0.84
Choi et al. [13] Luminal (149) Luminal: 0.962
TN (72) TN: 1.129
Kim et al. [14] Luminal A (43) HER2-positive: 1.175
Luminal B (65) Luminal A: 0.936,
HER2 (9) TN: 0.811
TN (37) Luminal B: 0.665
Osman et al. [15] Luminal (98) TN: 1.097 £0.203
HER2 (66) Luminal: 0.620 +0.148
TN (42) Her2en: 0.632 +0.162

Conclusion

ADC values were higher in luminal A

ADC values in all subtypes overlapped significantly.
Luminal B tumors had lower ADC values

Maximum ADC values of the entire tumor were different for
molecular subtypes, enabling differentiation of luminal
tumors from non-luminal tumors

Her2en tumors exhibited higher ADC values than luminal
tumors

HER2en tumors had the highest median ADC values.

TN tumors exhibited higher ADC values.

TN displayed significantly higher ADC values

HER2-positive tumors displayed high ADC values and

high Ki-67 index revealed low ADC values

TN showed higher ADC values

Abbreviations: HER2, human epidermal growth receptor-2; Her2en, HER2-enriched; TN, triple negative carcinoma.

stands out in terms of its unique MRI phenotypical
characteristics compared to other subtypes. It typi-
cally presents with smooth, well-circumscribed
margins accompanied by rim enhancement, high
ADC values, and a pronounced choline peak. To
validate this proposed algorithm, it is necessary to
carry out large-scale multicentric research. Future
research endeavors in this topic should focus on
standardizing MRI acquisition parameters and
advocate for an integrated approach that combines
imaging interpretation by human radiologists and
artificial intelligence methodologies in the classifi-
cation of molecular subtypes.
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