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Objective: To investigate the association of clinical, pathologic, and magnetic resonance imaging (MRI) variables with
progressive disease (PD) during neoadjuvant chemotherapy (NAC) and distant metastasis-free survival (DMFS) in patients
with triple-negative breast cancer (TNBC).

Materials and Methods: This single-center retrospective study included 252 women with TNBC who underwent NAC between
2010 and 2019. Clinical, pathologic, and treatment data were collected. Two radiologists analyzed the pre-NAC MRI. After
random allocation to the development and validation sets in a 2:1 ratio, we developed models to predict PD and DMFS using
logistic regression and Cox proportional hazard regression, respectively, and validated them.

Results: Among the 252 patients (age, 48.3 + 10.7 years; 168 in the development set; 84 in the validation set), PD was
occurred in 17 patients and 9 patients in the development and validation sets, respectively. In the clinical-pathologic-MRI
model, the metaplastic histology (odds ratio [OR], 8.0; P = 0.032), Ki-67 index (OR, 1.02; P = 0.044), and subcutaneous
edema (OR, 30.6; P = 0.004) were independently associated with PD in the development set. The clinical-pathologic-MRI
model showed a higher area under the receiver-operating characteristic curve (AUC) than the clinical-pathologic model (AUC:
0.69 vs. 0.54; P =0.017) for predicting PD in the validation set. Distant metastases occurred in 49 patients and 18 patients
in the development and validation sets, respectively. Residual disease in both the breast and lymph nodes (hazard ratio [HR],
6.0; P =0.005) and the presence of lymphovascular invasion (HR, 3.3; P < 0.001) were independently associated with DMFS.
The model consisting of these pathologic variables showed a Harrell's C-index of 0.86 in the validation set.

Conclusion: The clinical-pathologic-MRI model, which considered subcutaneous edema observed using MRI, performed better
than the clinical-pathologic model for predicting PD. However, MRI did not independently contribute to the prediction of
DMFS.
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INTRODUCTION receptor 2, accounts for 10% to 20% of breast cancer cases
[1]. Because of the lack of molecular targets for endocrine
Triple-negative breast cancer (TNBC), which is therapy and human epidermal growth factor receptor 2
characterized by the absence of estrogen receptors, targeting agents, its treatment is mainly dependent on

progesterone receptors, and human epidermal growth factor ~ conventional cytotoxic chemotherapy and associated
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with poor survival outcomes compared to other types of
breast cancer [2]. Therefore, the consideration of optimal
chemotherapy and prediction of the response are critical for
managing TNBC.

Progressive disease (PD) during neoadjuvant
chemotherapy (NAC) for breast cancer is defined as an
increase in the tumor size or development of new tumor
lesions in the breast, lymph nodes, or distant organs [3].
Breast-conserving surgery for tumors with PD may be
impossible, and skin grafting may be required [3]. Moreover,
nodal involvement leads to extensive axillary lymph node
dissection, and distant metastases may preclude curative
surgical resection [4]. Despite its clinical significance, PD
has not been sufficiently studied, probably because of its
rarity. According to the largest study by Caudle et al. [5], the
rate of PD was 3% (59/1928) among all breast cancer cases,
including all subtypes, and the clinical and pathologic factors
associated with PD were advanced T stage, African-American
race, and negative estrogen receptor status. However,
many of these factors are associated with not only PD but
also pathologic complete response (pCR) [5-9]. Thus, it is
necessary to identify the predictors that are independently
associated with PD.

Although extensive research has been conducted to
identify the imaging findings associated with pCR [10-16],
to the best of our knowledge, no study has evaluated the
imaging findings associated with PD. Considering the wide
use of breast magnetic resonance imaging (MRI) to evaluate
the response to NAC, if we can associate specific pre-NAC
MRI findings with PD, then we will be able to identify
patients at high risk for PD in advance and provide safer and
more efficient management. More recently, in addition to
conventional MRI findings, peritumoral edema on MRI has
been considered an important factor for the prediction of
the prognosis and aggressiveness of tumors [17].

Breast cancers are known to have heterogeneous
properties, and the NAC response may differ according to the
tumor subtype [18]. According to Caudle et al. [5], the rate
of PD differed between tumor subtypes, and patients with
indolent hormone receptor-positive/human epidermal growth
factor receptor 2-negative breast cancers rarely achieved
pCR or experienced PD. In contrast, patients with highly
proliferating TNBC achieved higher pCR rates and more often
experienced PD [5]. Moreover, the survival outcomes of
TNBC without achieving pCR are worse than those of other
subtypes of breast cancer [19]. Therefore, we decided to
focus on TNBC rather than pooling all subtypes.
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This study investigated the association of clinical,
pathologic, and MRI variables with PD during NAC and
distant metastasis-free survival (DMFS) in patients with
TNBC. Additionally, we aimed to develop models to predict
these outcomes.

MATERIALS AND METHODS

This retrospective study was approved by the institutional
review board of Seoul National University Hospital (IRB
number: 2103-145-1206). The requirement for informed
consent was waived.

Patients

Patients with TNBC at the time of the initial diagnosis
who underwent NAC between January 2010 and December
2019 were identified in the Breast Cancer Registry of Seoul
National University Hospital. The exclusion criteria were as
follows: no available pre-NAC MRI images; received an off-
protocol NAC regimen; recurrent breast cancer; presence
of distant metastasis at the time of the initial diagnosis;
bilateral breast cancer; and excisional biopsy performed
before the initiation of NAC. Three previous studies included
27, 45, and 70 overlapping patients [20-22] and evaluated
factors associated with the pCR. However, this study focused
on predicting PD.

Clinical and Pathologic Data Collection and Patient
Treatment

Patient age, clinical stage, surgery method, and adjuvant
therapy data were collected by reviewing the electronic
medical records. The histology type (ductal or metaplastic),
nuclear grade (low, intermediate, or high), and Ki-67 index
(%) were collected from the biopsy specimens before the
initiation of NAC. Patients underwent either AC4-D4 (four
cycles of doxorubicin [60 mg/m?] plus cyclophosphamide
[600 mg/m?] followed by four cycles of docetaxel [75 mg/m?])
or AD6 (six cycles of doxorubicin [50 mg/m?] plus docetaxel
[75 mg/m?]) at the discretion of the oncology specialists.
AC4-D4 was dominantly used after July 2013. The pathologic
stage and lymphovascular invasion (LVI) of the surgical
specimens were recorded.

MRI Acquisition and Image Analysis

We performed 1.5T MRI before September 2016;
thereafter, we performed 3.0T MRI. The MRI protocols
are shown in Supplementary Table 1. The pre-NAC MRI

627



Korean Journal of Radiology

findings were independently reviewed according to the
Breast Imaging Reporting and Data System lexicon by two
dedicated breast radiologists (H.Y. and S.Y.K. with 3 years
and 10 years of experience, respectively) [23]. Discordant
results were re-evaluated to achieve a consensus. The
radiologists were blinded to patient information, including
tumor response and assessed tumor size, peritumoral edema,
intratumoral necrosis, amount of fibroglandular tissue,
background parenchymal enhancement, tumor type (mass
or mass with non-mass enhancement), shape, margin,
internal enhancement pattern, distribution of non-mass
enhancement, and lesion multiplicity.

Peritumoral edema on fat-suppressed T2-weighted images
was evaluated and classified as follows (Supplementary
Fig. 1) [17,24]: no edema; peritumoral edema only;
prepectoral edema with or without peritumoral edema;
and subcutaneous edema with or without peritumoral or
prepectoral edema. Intratumoral necrosis was defined as a
nonenhancing area with high T2 signal intensity inside the
mass [25,26].

Response Assessment

The patients were clinically examined by oncologists
during each NAC cycle. Imaging was performed if PD was
suspected. Imaging studies routinely performed during NAC
included breast ultrasound before, during, and after NAC,
breast MRI, and mammography before and after NAC.

We retrospectively evaluated the tumor response based
on the RECIST criteria [27] by comparing the longest
diameter measured on MRI before and after NAC. If post-
NAC MRI images were unavailable, then we reviewed and
compared ultrasound images before and after NAC (n = 6;
4 in the development set and 2 in the validation set). PD
was considered when the longest diameter of the target
lesion increased by more than 20% compared to the smallest
measurement obtained during the previous examination and
the absolute difference was more than 5 mm. Furthermore, if
one or more new lesions appeared, then we considered that
PD had developed.

Outcome Data Collection

To monitor distant metastasis, patients underwent follow-
up evaluations including chest radiography and chest
computed tomography every 6 months and bone scans and
abdominal computed tomography or ultrasound every year
at the physician’s discretion. The DMFS was calculated as
the time interval from the first use of NAC (time zero) to the
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discovery of distant metastasis (event). Patients who did
not experience metastasis at the last follow-up visit were
censored.

Statistical Analysis

Patients were randomly divided into the development
and validation sets using a 2:1 ratio. In these two sets,
the PD and non-PD groups were compared using the chi-
squared test or independent t-test. In the development set,
a multivariable logistic regression analysis with a stepwise
method was performed to identify factors associated with PD,
and a multivariable Cox regression analysis with backward
elimination was performed to identify factors associated
with DMFS. Variables with P < 0.1 in the univariable analyses
were entered into the multivariable analyses. Kaplan-Meier
curves for DMFS in the the development set were obtained.
Prediction models for PD and DMFS were developed based on
the multivariable analyses results [28]. The discrimination
and calibration performances of the prediction models were
tested using the validation set. Discrimination performance
was evaluated using the area under the receiver-operating
characteristic curve (AUC) for PD and Harrell's C-index
for DMFS. The AUCs for PD of the two prediction models
(clinical-pathologic and clinical-pathologic-MRI models) were
compared [29]. We analyzed the time-dependent receiver-
operating characteristic curve for 2-year DMFS. Interobserver
agreement for MRI variables was evaluated using kappa
for categorical variables and the intraclass correlation
coefficient for continuous variables [30,31]. P < 0.05 was
considered statistically significant. Statistical analyses were
performed using SAS (version 9.4; SAS Institute) and STATA
(version 15; StataCorp).

RESULTS

Patient Characteristics

We initially identified 460 patients with TNBC who
underwent NAC between January 2010 and December 2019.
Of these 460 patients, 208 were excluded because they
were lacking pre-NAC MRI images (n = 87), received an
off-protocol regimen (n = 58), had recurrent breast cancer
(n = 22), had initial distant metastasis (n = 19), had
bilateral cancer (n = 12), or underwent excisional biopsy
(n = 10). After exclusion, a total of 252 patients (age,
48.3 + 10.7 years) were included in this study (Fig. 1).
Patients with clinical stage II or stage III TNBC underwent
NAC with either AC4-D4 (78%; 197/252) or AD6 (22%;
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Consecutive women with triple negative breast cancer who underwent
neoadjuvant chemotherapy between 2010 and 2019 (n = 460)

\

Exclusion (n = 208)
* No available pre-NAC MRI (n = 87)
* Receipt of an off-protocol regimen (n = 58)

4

* Recurrent breast cancer (n = 22)
* Distant metastasis (n = 19)
* Bilateral cancer (n = 12)

A

Total 252 patients

* Excisional biopsy before NAC (n = 10)

Y

Development set

v

Validation set

(n=168) (n=84)
\ \
v v v v
PD Non-PD PD Non-PD
(n=17) (n=151) (n=09) (n=175)
Distant No Distant No Distant No Distant No
metastasis | | metastasis metastasis | | metastasis metastasis | | metastasis metastasis | | metastasis

(n=12) (n=5) (n=37) (n=114) (n=5) (n=4) (n=13) (n=162)

Fig. 1. Flowchart of patient selection and allocation to the development and validation sets. After exclusion, included 252 patients were
randomly divided into the development and validation sets using a 2:1 ratio. NAC = neoadjuvant chemotherapy, PD = progressive disease,

MRI = magnetic resonance imaging

55/252). Furthermore, they underwent breast-conserving
surgery (65%; 163/252) or mastectomy (35%; 89/252)
and adjuvant chemotherapy (32%; 80/252) or adjuvant
radiation therapy (89%; 225/252) based on the consensus
of the multidisciplinary discussion.

After surgical excision, pCR was achieved in 23% of
patients (59/252); however, residual tumors in the breast
or axillary lymph nodes were observed in 77% of patients
(193/252). LVI was observed in 23% of patients (57/252).
Among the 36 patients with subcutaneous edema on pre-
NAC MRI images, LVI was confirmed after surgical resection
in 15 patients (42%). Among patients without subcutaneous
edema on pre-NAC MRI images, 19% had positive LVI
(42/216).

Development and Validation Sets

Patients were randomly assigned to the development
set (n = 168; age, 49.4 + 10.8 years) or validation set (n =
84; age, 45.9 + 10.4 years). All clinical, pathologic, and
MRI characteristics were comparable between the two
sets (Tables 1, 2) (all P> 0.05). In the development set,
17 of 168 patients (10%) had PD. In the validation set,
9 of 84 patients (11%) had PD. Among the 17 patients
with PD in the development set, 12 had primary breast
tumor progression, 4 had both breast and nodal lesions,
and 1 developed lung metastasis. Of the nine patients with
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PD in the validation set, eight had primary breast tumor
progression and one had progression of both the breast

and nodal lesions. Distant metastases occurred in 49 of

168 patients (29%) in the development set and 18 of 84
patients (21%) in the validation set. The follow-up time did
not differ between the two sets (52 + 35 months vs. 55 + 34
months; P =0.287).

Treatment Response and Management of Patients with PD

Of the 26 patients considered to have PD, 22 were
diagnosed with PD during NAC by oncologists. During
imaging studies, all of these patients satisfied the RECIST
criteria for PD. However, they did not complete the planned
NAC regimen because of PD. Twenty patients underwent
immediate surgery and two switched regimens and underwent
surgery. Four of the 26 patients considered to have PD were
eventually diagnosed with PD after the completion of NAC.
Detailed information about the PD timeline and patient
management is provided in Supplementary Table 2.

When the treatment methods and pathologic
characteristics of the PD (n = 26) and non-PD (n = 226)
groups were compared, it was found that the PD group
underwent total mastectomy more frequently, and that
axillary lymph node dissection and skin grafting were
more often necessary. Patients in the PD group had a more
advanced pathologic stage and were more likely to have LVI.
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Table 1. Clinical and Pathologic Characteristics of the Development Set and Validation Set

L. Total Development Set Validation Set
Characteristics P
(n =252) (n = 168) (n =84)
Age (yr) 48.3 + 10.7 49.4 +10.8 45.9 + 10.4 0.836
AJCC clinical stage 0.208
Stage II 109 (43) 68 (40) 41 (49)
Stage III 143 (57) 100 (60) 43 (51)
Histologic type >0.999
Ductal 239 (95) 159 (95) 80 (95)
Metaplastic 13 (5) 9 (5) 4 (5)
Nuclear grade 0.426
Low or Intermediate 70 (28) 44 (26) 26 (31)
High 182 (72) 124 (74) 58 (69)
Ki-67 (%) 35+ 25 35 + 24 36 + 27 0.723
NAC regimen 0.420
AD6 55 (22) 34 (20) 21 (25)
AC4-D4 197 (78) 134 (80) 63 (75)
Progressive disease 26 (10) 17 (10) 9 (11) 0.884
Breast surgery 0.926
Breast-conserving 163 (65) 109 (65) 54 (64)
Mastectomy 89 (35) 59 (35) 30 (36)
Axillary surgery 0.653
SLNB 143 (57) 97 (58) 46 (55)
ALND 109 (43) 71 (42) 38 (45) 0.883
Pathologic stage
pCR 59 (23) 38 (23) 21 (25)
Invasive residual in the breast with no residual in lymph nodes 116 (46) 79 (47) 37 (44)
Residual in both breast and lymph nodes 77 (31) 51 (30) 26 (31)
Presence of lymphovascular invasion 57 (23) 36 (21) 21 (25) 0.523
Use of adjuvant chemotherapy 80 (32) 60 (36) 20 (24) 0.056
Use of adjuvant radiation therapy 225 (89) 149 (89) 76 (90) 0.666
Distant metastasis 67 (27) 49 (29) 18 (21) 0.190
Follow-up time (month) 44 + 35 40 + 35 47 + 34 0.459

Values are presented as mean + standard deviation or n (%) unless otherwise indicated. Pathologic complete response (pCR) was defined
as no invasive residual in breast and lymph nodes (in situ breast residuals allowed). AJCC = American Joint Committee on Cancer, NAC =
neoadjuvant chemotherapy, AD6 = six cycles of doxorubicin plus docetaxel, AC4-D4 = four cycles of doxorubicin plus cyclophosphamide

followed by four cycles of docetaxel, SLNB = sentinel lymph node biopsy, ALND = axillary lymph node dissection

These patients also required adjuvant chemotherapy more
often than the non-PD group. Adjuvant radiation therapy
was performed less frequently in the PD group because
breast-conserving surgery was performed less frequently
(Supplementary Table 3) (all P < 0.001).

Factors Associated with PD in the Development Set

During the univariable analysis, the metaplastic histology
(P =0.031), Ki-67 index (P = 0.046), NAC regimen with AD6
(P=0.036), and presence of subcutaneous edema (P = 0.010)
on MRI images were associated with PD (Table 3). During
the multivariable analysis that included only clinical and
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pathologic variables, only the metaplastic histology (odds
ratio [OR], 5.0; 95% confidence interval [CI], 1.1-22.9;

P =0.039) was independently associated with PD. Ki-67
was associated with PD, but with marginal significance
(OR, 1.02; 95% CI, 1.0-1.04; P = 0.054). During the
multivariable analysis, which included clinical, pathologic,
and MRI variables, the metaplastic histology (OR, 8.0; 95%
(I, 1.2-53.8; P =0.032), Ki-67 index (OR, 1.02; 95% CI,
1.001-1.05; P = 0.044), and subcutaneous edema (OR,
30.6; 95% (I, 2.0-153.9; P = 0.004) were independently
associated with PD (Table 4).
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Table 2. MRI Characteristics of the Development Set and Validation Set

. Total Development Set Validation Set
Characteristics P
(n=252) (n = 168) (n = 84)
Tumor size (cm) 43x+2.1 43x2.0 4.2+2.2 0.793
Edema degree 0.820
No edema 60 (24) 41 (24) 19 (23)
Peritumoral edema only 100 (40) 62 (37) 38 (45)
Prepectoral edema 56 (22) 42 (25) 14 (17)
Subcutaneous edema 36 (14) 23 (14) 13 (15)
Necrosis 157 (62) 104 (62) 53 (63) 0.854
FGT 0.593
Non-dense 32 (13) 20 (12) 12 (14)
Dense 220 (87) 148 (88) 72 (86)
BPE 0.841
Minimal/mild 184 (73) 122 (73) 62 (74)
Moderate/marked 68 (27) 46 (27) 22 (26)
Tumor type 0.252
Mass 171 (68) 110 (65) 61 (73)
Mass with NME 81 (32) 58 (35) 23 (27)
Mass shape >0.999
Round or Oval 18 (7) 12 (7) 6 (7)
Irregular 234 (93) 156 (93) 78 (93)
Mass margin >0.999
Circumscribed 4 (2) 3(2) 1(1)
Irregular/spiculated 2438 (98) 165 (98) 83 (99)
Mass internal enhancement 0.163
Hetero 90 (36) 55 (33) 35 (42)
Rim 162 (64) 113 (67) 49 (58)
NME distribution* 0.329
Focal 4 (5) 4(7) 0 (0)
Linear/segmental 65 (80) 46 (79) 19 (83)
Regional/diffuse 12 (15) 8 (14) 4 (17)
NME internal enhancement* 0.364
Heterogeneous 52 (64) 39 (67) 13 (57)
Clumped/clustered ring 29 (36) 19 (33) 10 (43)
Multiplicity 0.079
Unifocal 177 (70) 112 (67) 65 (77)
Multifocal or Multicentric 75 (30) 56 (33) 19 (23)

Values are presented as mean = standard deviation or n (%) unless otherwise indicated. *There were 81 lesions with associated NME
in total patient, 58 lesions in the development set and 84 lesions in the validation set. The ratio was calculated accordingly. MRI =
magnetic resonance imaging, FGT = fibroglandular tissue, BPE = background parenchymal enhancement, NME = non-mass enhancement

Prediction Model for PD
We developed a prediction model for PD based on the
clinical, pathologic, and MRI variables as follows:

Risk (probability of PD) =

-Z

1+e

where Z = 1.2026 * Edemal + 2.1031 * Edema2 + 3.4221
* Edema3 + 2.0846 * Histology type + 0.0230 * Ki-67 -

kjronline.org https://doi.org/10.3348/kjr.2022.0974

5.1280. Edemal indicated peritumoral edema only, Edema2

indicated prepectoral edema (with or without peritumoral

edema), and Edema3 indicated subcutaneous edema
(with or without peritumoral and prepectoral edema).

The histologic type was coded as 0 (ductal type) or 1

(metaplastic type). The Ki-67 index was included in the
equation as a continuous variable.
In the development set, the clinical-pathologic-MRI
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Table 3. Univariable Analysis for Predictors of Progression of Disease (PD) in the Development Set (n = 168)

Non-PD (n = 151) PD (n =17) 0dds Ratio 95% CI P
Clinical and pathologic

Age (yr) 48.2 + 10.6 46.1+9.2 0.99 0.9-1.04 0.422
AJCC clinical stage

Stage II 64 (42) 4 (24) Reference

Stage III 87 (58) 13 (76) 2.4 0.7-7.7 0.143
Histologic type

Ductal 145 (96) 14 (82) Reference

Metaplastic 6 (4) 3 (18) 5.2 1.2-23.0 0.031
Nuclear grade

Low or Intermediate 42 (28) 2 (12) Reference

High 109 (72) 15 (88) 2.9 0.6-13.2 0.171
Ki-67 (%) 34 +23 46 + 28 1.02 1.00-1.04 0.046
NAC regimen

AC4-D4 124 (82) 10 (59) Reference

AD6 27 (18) 7 (41) 3.2 1.1-9.2 0.036

MRI

Tumor size (cm) 4.2+2.0 52+2.1 1.24 0.99-1.6 0.060
Edema degree 0.007

No edema 40 (26) 1(6) Reference

Peritumoral edema only 59 (39) 3 (18) 2 0.2-20.3 0.545

Prepectoral edema 36 (24) 6 (35) 6.7 0.8-58.1 0.086

Subcutaneous edema 16 (11) 7 (41) 17.5 2.0-153.9 0.010
Necrosis 92 (61) 12 (71) 1.5 0.5-4.6 0.440
FGT

Non-dense 19 (13) 1(6) Reference

Dense 132 (87) 16 (94) 2.3 0.3-18.4 0.431
BPE

Minimal/mild 112 (74) 10 (59) Reference

Moderate/marked 39 (26) 7 (41) 2.0 0.7-5.6 0.185
Tumor type

Mass 100 (66) 10 (59) Reference

Mass with NME 51 (34) 7 (41) 1.4 0.5-3.8 0.544
Mass shape

Round or Oval 12 (8) 0 (0) Reference

Irregular 139 (92) 17 (100) 3.1 0.4-408.3 0.453
Mass margin

Circumscribed 3(2) 0 (0) Reference

Irregular/spiculated 148 (98) 17 (100) 0.8 0.1-112.7 0.913
Mass internal enhancement

Hetero 52 (34) 3 (18) Reference

Rim 99 (66) 14 (82) 2.5 0.7-8.9 0.174
NME distribution* 0.489

Focal 4 (8) 0 (0) Reference

Linear/segmental 41 (80) 5 (71) 1.2 0.1-166.1 0.918

Regional/diffuse 6 (12) 2 (29) 3.5 0.2-523.6 0.501
NME internal enhancement*

Heterogeneous 34 (67) 5(71) Reference

Clumped/clustered ring 17 (33) 2 (29) 0.8 0.1-4.6 0.802
Multiplicity

Unifocal 101 (67) 11 (65) Reference

Multifocal or Multicentric 50 (33) 6 (35) 1.1 0.4-3.2 0.857

Values are presented as mean + standard deviation or n (%) unless otherwise indicated. *There were 81 lesions with associated NME

in total patient, 58 lesions in the development set and 84 lesions in the validation set. The ratio was calculated accordingly. CI =
confidence interval, AJCC = American Joint Committee on Cancer, NAC = neoadjuvant chemotherapy, AC4-D4 = four cycles of doxorubicin
plus cyclophosphamide followed by four cycles of docetaxel, AD6 = six cycles of doxorubicin plus docetaxel, MRI = magnetic resonance
imaging, FGT = fibroglandular tissue, BPE = background parenchymal enhancement, NME = non-mass enhancement
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model (which included with clinical, pathologic, and MRI
variables) had significantly better discrimination ability
to predict PD than the clinical-pathologic model (AUC,
0.86 [95% CI, 0.79-0.93] vs. 0.68 [95% CI, 0.53-0.83];
P =0.025). In the validation set, the clinical-pathologic-
MRI model also had significantly better discrimination ability

Table 4. Multivariable Analysis for Predictors of Progression of
Disease in the Development Set (n = 168)

0dds Ratio 95% (I P
Clinical-pathologic model
Histology type
Ductal Reference
Metaplastic 50 1.1-22.9  0.039
Ki-67 (%) 1.02 1.0-1.04  0.054
Clinical-pathologic-MRI model
Histology type
Ductal Reference
Metaplastic 8.0 1.2-53.8  0.032
Ki-67 (%) 1.02 1.001-1.05 0.044
Edema degree 0.005
No edema Reference
Peritumoral edema only 3.3 0.3-37.2  0.329
Prepectoral edema 8.2 0.8-58.1  0.068
Subcutaneous edema 30.6 2.0-153.9 0.004

(I = confidence interval, MRI = magnetic resonance imaging

Korean Journal of Radiology

to predict PD than the clinical-pathologic model (AUC, 0.69
[95% CI, 0.50-0.88] vs. 0.54 [95% CI, 0.35-0.73]; P = 0.017)
(Fig. 2A). The prediction model was appropriately calibrated
(Fig. 2B).

Factors Associated with DMFS in the Development Set
During the univariable analysis, clinical stage III (P < 0.001),
NAC regimen with AD6 (P = 0.008), PD (P < 0.001), total
mastectomy (P < 0.001), axillary lymph node dissection
(P < 0.001), adjuvant chemotherapy (P = 0.005), no
adjuvant radiotherapy (P = 0.012), residual disease in both
the breast and lymph nodes (P < 0.001), presence of LVI
(P < 0.001), large tumor size (P = 0.004), and presence of
subcutaneous edema on MRI (P = 0.031) were associated
with worse DMFS (Supplementary Table 4).
During the multivariable analysis, residual disease in both
the breast and lymph nodes (hazard ratio [HR], 6.0; 95%
(I, 1.7-21.2; P =0.005) and the presence of LVI (HR, 3.3;
95% (I, 1.7-6.1; P < 0.001) were independently associated
with DMFS (Table 5). Kaplan-Meier curves demonstrated
significantly different DMFS according to the pathologic stage
(Supplementary Fig. 2A) and LVI (Supplementary Fig. 2B).

Prediction Model for DMFS
A prediction model for DMFS, including the specific

A

1.0
1.00 -
0.8 4
0.75 2
. B
'g ) 'g 0.6
= 0.50 4 / oy
g / g
“’ 3
< 0.4+
()
0.25 - e
4
o
0.2
0.00
T T T T T
0.00 025 050 075  1.00 0.0
1-Specificity \
—— Edema histology type Ki-67 (0.69) 0.0
A — Histology type Ki-67 (0.54) B

T T
0.2 0.4 0.6 0.8 1.0
Predicted event probability

Fig. 2. Performance of the clinical-pathologic model (red line) and clinical-pathologic-magnetic resonance imaging (MRI) model (blue line)
for predicting progressive disease in the validation set. A: Receiver-operating characteristic curves show the discrimination performance.
Numbers in parentheses are areas under the receiver-operting characteristic curve. Adding information about subcutaneous edema to

the clinical-pathologic model improved the diagnostic performance (0.69 vs. 0.54; P = 0.017). B: In this calibration plot for the clinical-
pathologic-MRI model, the diagonal line indicates a reference line, the light gray area represents the 95% confidential interval (CI), and
the dark gray area indicates the 99% CI. The reference line was included in the range of the 99% (I and P = 0.1, indicating that this plot

was adequately calibrated.

kjronline.org https://doi.org/10.3348/kjr.2022.0974

633



Korean Journal of Radiology

KJR

Table 5. Multivariable Analysis for Predictors of Distant Metastasis-free Survival in the Development Set (n = 168)

Hazard Ratio 95% (I P

Pathologic stage 0.001

pCR Reference

Invasive residual in the breast with no residual in lymph nodes 2.1 0.6-7.3 0.248

Residual in both breast and lymph nodes 6.0 1.7-21.2 0.005
Lymphovascular invasion

No Reference

Yes 3.3 1.7-6.1 < 0.001

Pathologic complete response (pCR) was defined as no invasive residual in the breast and lymph nodes (in situ breast residuals allowed).
(I = confidence interval

Fig. 3. Representative images of a 45-year-old woman with triple-negative breast cancer. A: Sagittal contrast-enhanced T1-weighted
magnetic resonance imaging (MRI) image shows an irregular heterogeneously enhancing mass in the left upper breast (arrows). B:

Axial fat-suppressed T2-weighted MRI shows prepectoral edema (arrows). After the ultrasound (US)-guided biopsy, the tumor showed
metaplastic histology and the Ki-67 index was 80%. The calculated probability of progressive disease (PD) was 71%. C, D: Initial US
images show a 3.7-cm irreqgular hypoechoic mass with only oval reactive lymph nodes in the ipsilateral axilla (arrows). E, F: After

one cycle of chemotherapy with adriamycin and cyclophosphamide (AC1), the mass increased to 8.4 cm, and the ipsilateral axillary
lymph node also increased (arrows). Consequently, it was determined to be PD. She underwent total mastectomy, and the surgical
histopathologic examination showed a residual of 9.1 cm with extensive lymphatic and vascular emboli. Of the 30 resected axillary lymph
nodes, there were 18 metastatic lymph nodes. Thus, the calculated probability of distant metastasis within 2 years was 19.3%. Bone
metastasis was observed 6 months postoperatively.
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Fig. 4. Representative magnetic resonance imaging (MRI) images of a 53-year-old woman with triple-negative breast cancer in her right
breast. A: Sagittal contrast-enhanced T1-weighted MRI image shows an irregular heterogeneously enhancing 4.5-cm mass in the right
breast. B: On sagittal fat-suppressed T2-weighted MRI, extensive peritumoral edema was observed in the subcutaneous and prepectoral
areas (arrows). A core needle biopsy confirmed the ductal histology type, and the Ki-67 index was 80%. Therefore, the calculated
progressive disease probability was 53.3%. C: After the first cycle of neoadjuvant chemotherapy with adriamycin and cyclophosphamide,
the size of the primary lesion increased to 11.4 cm. D: Intratumoral necrosis and prepectoral edema (arrows) in the tumor are aggravated.
Although taxane was administered, there was no response. Consequently, the patient underwent total mastectomy. Histopathology results
showed no lymphovascular invasion, and the tumor was diagnosed as 5.5-cm residual invasive cancer of the breast. The calculated
probability of distant metastasis was 2.1%, and no distant metastasis was observed during 88.6 months of follow-up.

prediction of 2-year DMFS, was developed using pathologic C was set as 0.98522 for 2-year DMFS.
variables based on the multivariable Cox regression analysis Variables were coded as 0 (no) or 1 (yes) for LVI. The
as follows: stages were coded as stage 1 (invasive residual disease in
the breast with no residual disease in the lymph nodes)
Probability of DMFS = C « @766 " Stegel + 179657 " Stagez + L7872 " WL 3¢ ctage 2 (residual disease in both the breast and lymph
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Fig. 5. Calibration plot of 2-year distant metastasis-free survival
of the validation set. The diagonal solid line indicates the
reference line, and the dashed line is the calibration curve. The
gray area represents the 95% confidence intervals. The intercept
and slope of the dashed calibration curve were not significantly
different compared to those of the reference line, suggesting good
calibration (P = 0.42).

nodes). The representative PD cases with and without
distant metastasis are presented in Figure 3 and 4,
respectively.

The prediction model showed good discrimination ability
in the development set (Harrell's C-index, 0.76; 95% (I,
0.70-0.83) and validation set (Harrell's C-index, 0.86; 95% (I,
0.80-0.92). A time-dependent receiver-operating characteristic
curve was estimated for the 2-year follow-up time, and the
AUC was 0.91 (95% (I, 0.84-0.99) in the validation set. The
prediction model was well-calibrated for 2-year DMFS in the
validation set (Fig. 5).

Interobserver Agreement for MRI Variables

Interobserver agreement for the MRI variables was
heterogeneous, ranging from fair to almost perfect
(Supplementary Table 5). The agreement for edema was
substantial (kappa = 0.64).

DISCUSSION

Little is known about the predictors of PD. We found that
the metaplastic histology (OR, 8.0; P =0.032) and Ki-67
index (OR 1.02, P = 0.044) obtained from pre-NAC biopsy
specimens and subcutaneous edema (OR, 30.6; P = 0.004)
identified on pre-NAC MRI images were independently
associated with PD in the development set (n = 168).

The clinical-pathologic-MRI model including MRI edema
performed better than the clinical-pathologic model.
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However, the performance of the clinical-pathologic-MRI
model decreased to 0.69 in the validation set (n = 84). This
decrease in performance may have been attributable to

the insufficient sample size of the validation set or model
overfitting in the development set. In terms of survival
outcomes, the presence of residual disease in both the breast
and lymph nodes (HR, 6.0; P =0.005) and LVI (HR, 3.3; P <
0.001) were independently associated with worse DMFS.

Among various pre-NAC MRI factors, only subcutaneous
edema was independently associated with PD. During
the final stage of breast edema, subcutaneous edema is
associated with extensive LVI in the breast and is thought to
be caused by the blockage of lymphatic drainage in dermal
and subdermal areas [24]. Although edema was evaluated
using pre-NAC MRI rather than post-NAC MRI and the
pathologic report reflected the status of the tumor bed after
chemotherapy completion, LVI remained in 15 of 36 patients
who presented with subcutaneous edema at the time of pre-
NAC MRI (42%). In contrast, only 19% (42/216) of patients
without subcutaneous edema had LVI during the pathologic
examination. Extensive LVI is also associated with
chemoresistance [32]. Thus, the higher risk of PD with the
presence of subcutaneous edema on MRI is thought to be
mediated by LVI. Therefore, for patients with subcutaneous
edema on pre-NAC MRI images, the NAC response should be
closely monitored and an early switch to surgical resection
should be considered.

Among the clinical and pathologic factors, the
metaplastic histology and Ki-67 index were independently
associated with PD. This was consistent with previous
studies that showed that the metaplastic type is less sensitive
to chemotherapy and has a poorer prognosis than the ductal
type [33,34]. However, metaplastic histology is a limited
predictor because of its infrequent incidence (< 5% of total
TNBC cases) and the limited accuracy of core needle biopsy
specimens [33]. As a proliferation marker, a high Ki-67 index
is associated with a pCR [35]; therefore, it is not a specific
marker for predicting PD. Moreover, the representativeness
of core needle biopsy specimens and the appropriate cutoff
for dividing high and low levels of the Ki-67 index are
controversial [36]. The clinical-pathologic model consisting of
the metaplastic histology and Ki-67 index showed suboptimal
performance for predicting PD.

Regarding survival outcomes, unlike the study by Caudle
et al. [5], PD was not independently associated with worse
DMFS after the multivariable analysis in our study. This
discrepancy may be explained by differences in the tumor
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subtype, race, PD determination method, and variables
included in the multivariable analysis. Our study evaluated
TNBC in Asian women and determined the PD status using
imaging examination results and RECIST criteria. In contrast,
Caudle et al. [5] evaluated all tumor subtypes (total = 1928;
TNBC = 167) of women of various races, and the imaging
examination results and RECIST criteria were not mandatory
for determining PD. However, during our study, the pathologic
stage, rather than PD itself, after the multivariable analysis
was more strongly associated with DMFS.

According to our study, if PD is promptly identified
by proper monitoring during NAC, and if patients with
PD undergo proper management, such as switching
chemotherapy regimens or immediate surgery, then PD itself
does not affect survival outcomes. The high residual tumor
burden and LVI of the surgical specimen were independently
associated with worse DMFS, consistent with the results
of previous studies [19,37]. Furthermore, the prediction
model combining the residual tumor burden and LVI showed
acceptable discrimination performance for predicting DMFS
in the development and validation sets. Therefore, the
residual tumor burden and LVI should be considered during
the risk assessment and postoperative management of
patients with TNBC.

Our study had some limitations. First, patient selection
bias may have been inevitable because this was a
retrospective study conducted at a single academic
institution. We excluded 150 of the initial 402 patients. One
of the main reasons for exclusion was the lack of available
pre-NAC MRI images (n = 87). Second, the sample size was
limited because PD is rare; however, we collected 10 years
of data. Third, we did not perform external validation, which
is necessary to confirm the reliability and generalizability of
the prediction models. Fourth, heterogeneous interobserver
agreement was observed between the two radiologists when
evaluating qualitative MRI features. Fifth, we included
patients who underwent two types of chemotherapy regimens
and were evaluated using two types of MRI. Most patients
with PD undergo immediate surgery rather than switching
chemotherapy regimens. The differences in radiologists,
treatment patterns, and MRI settings may have affected the
results.

In conclusion, the clinical-pathologic-MRI model,
which considers subcutaneous edema on MRI in addition
to clinical and pathologic features, had better ability to
predict PD with TNBC. However, MRI did not independently
contribute to the prediction of DMFS.
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