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Patients with hormone receptor (HR)-positive tumors breast cancer usually experience a relatively low pathological complete
response (pCR) to neoadjuvant chemotherapy (NAC). Here, we derived a 10-microRNA risk score (10-miRNA RS)-based
model with better performance in the prediction of pCR and validated its relation with the disease-free survival (DFS) in 755 HR-
positive breast cancer patients (273, 265, and 217 in the training, internal, and external validation sets, respectively). This model,
presented as a nomogram, included four parameters: the 10-miRNA RS found in our previous study, progesterone receptor (PR),
human epidermal growth factor receptor 2 (HER2) status, and volume transfer constant (Ktrans). Favorable calibration and
discrimination of 10-miRNA RS-based model with areas under the curve (AUC) of 0.865, 0.811, and 0.804 were shown in the
training, internal, and external validation sets, respectively. Patients who have higher nomogram score (>92.2) with NAC
treatment would have longer DFS (hazard ratio=0.57; 95%CI: 0.39–0.83; P=0.004). In summary, our data showed the 10-
miRNA RS-based model could precisely identify more patients who can attain pCR to NAC, which may help clinicians
formulate the personalized initial treatment strategy and consequently achieves better clinical prognosis for patients with HR-
positive breast cancer.

hormone receptor-positive breast cancer, microRNA signature, neoadjuvant chemotherapy, dynamic contrast-enhanced
magnetic resonance imaging, nomogram
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INTRODUCTION

Hormone receptor (HR)-positive tumors account for ap-
proximately 70% of all breast cancers, affecting more than 2
million patients each year (Kobayashi et al., 2017). Neoad-
juvant chemotherapy (NAC) is the standard treatment for
locally advanced HR-positive breast cancers and can con-
tribute to the operability of locally advanced breast cancer
(Fisher et al., 1997; Makris et al., 1998) and in vivo assess-
ment sensitivity to systemic therapy (Asaoka et al., 2020;
von Minckwitz et al., 2019). Pathological complete response
(pCR) is mostly used to evaluate the degree of regression
after NAC (Bear et al., 2003; Ferrière et al., 1998; Rastogi et
al., 2008; von Minckwitz et al., 2012). Compared with those
achieving non-pCR, patients with HR-positive breast cancer
who attain pCR to NAC treatment usually experience im-
proved survival (Cortazar et al., 2019; Yee et al., 2018).
However, patients with HR-positive breast cancer usually
experience a relatively low pCR to NAC treatment, ranging
from 7% to 38% (Rouzier et al., 2005; von Minckwitz et al.,
2011). Therefore, to identify those who can truly benefit
from NAC by achieving pCR is imperative and can provide
considerable clinical benefit in minimizing over- or under-
treatment of NAC.
Thus far, a few clinicopathological factors (e.g., estrogen

receptor (ER) status (Kasami et al., 2008), Ki-67 expression
level (Vincent-Salomon et al., 2004), immunohistochemical
4-score (IHC4)) (Tan et al., 2016) and multigene classifiers
(e.g., the Oncotype DX recurrence score (Pease et al., 2019),
EndoPredict risk score (Dubsky et al., 2020), and PAM50
ProsignaROR Score (Prat et al., 2016)) have been used to
predict the pCR to NAC in patients with breast cancer.

However, the application of these prediction model in Asian
countries has been limited due to their relatively low pre-
dictive ability, or without prospectively verify the relation of
its score with clinical prognosis, or the small sample size or
the small proportion of Asian participants included in these
studies.
MicroRNAs (miRNAs), a class of endogenous 21–22 nt

noncoding small RNAs, have shown their promise in the
prognosis of breast cancer (Di Cosimo et al., 2019; Saw and
Song, 2020). In our preliminary study, 10 miRNAs derived
from the cancer tissue were found to have a better prognostic
performance than both the IHC4 score and 21-gene recur-
rence score (areas under the curve (AUC): 0.710 vs. 0.602 vs.
0.685 respectively) (Gong et al., 2016). Besides, some stu-
dies with small sample sizes have reported the abilities of the
kinetic parameters derived from dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI), such as volume
transfer constant (Ktrans) or reverse reflux rate constant (Kep)
(AUC: 0.56–0.66) in predicting pCR to NAC treatment in
patients with all subtypes of breast cancer (Drisis et al., 2016;
Pickles et al., 2005). However, the ability of the 10-micro-
RNA risk score (10-miRNA RS) or kinetic parameters from
DCE-MRI in predicting the pCR to NAC before treatment
has not been examined in patients with HR-positive breast
cancer.
Thus, in this prospective study, we aimed to investigate (i)

whether the 10-miRNA RS, kinetic parameters derived from
DCE-MRI, alone or combination can predict pCR before
NAC treatment, and (ii) whether the score of the established
predictive model is related with the disease-free survival
(DFS) of NAC-treated patients with HR-positive breast
cancer. A prediction model with high accuracy for predicting
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pCR to NAC and better clinical prognosis is desirable to
facilitate personalized treatment decision-making by choos-
ing NAC treatment or not for patients with HR-positive
breast cancer.

RESULTS

Baseline clinicopathological status of the training and
validation sets

The baseline characteristics of the 755 patients with median
age 46 years (range 20–84 years) are shown in Table 1. The
overall pCR rate was 17.1% (n=129), with 19.0% (52/273),
13.6% (36/265), and 18.9% (41/217) of patients in the
training, internal and external validation cohort respectively.
The mean (SD) of 10-miRNA RS in all patients was 2.69
(2.21), while the means in the training, internal and external
validation cohort were 2.70 (2.24), 2.88 (2.18), and 2.46
(2.19) correspondingly. In all patients, there are 77.6%
(586/755) patients with both anthracycline and paclitaxel,
while 10.5% (79/755) and 8.9% (67/755) received NAC with
paclitaxel or anthracycline separately. There are 288 (38.1%)
patients with human epidermal growth factor receptor 2
(HER2) positive and receiving trastuzumab therapy, in-
cluding 26 (9.0%) who extra received pertuzumab treatment.

Construction and validation of the 10-miRNA RS-based
model

The boxplot and scatter plot of 10-miRNA RS show that the
10-miRNA RS was positively correlated with pCR status
(P<0.001) (Figure S1A and B in Supporting Information).
The comparisons of baseline characteristics between patients
with different pCR status in the training cohort are displayed
in Table S1 in Supporting Information. Compared with those
with non-pCR, patients with pCR had higher 10-miRNA RS,
but lower ER expression level, progesterone receptor (PR)
expression level, HER2-positive status, Ktrans, Kep, and vo-
lume fraction of extravascular extracellular space (Ve) values
(P<0.05). Representative DCE-MR images obtained prior to
NAC in patients are shown in Figure S2A and B in Sup-
porting Information.
In the training set, univariable logistic analyses showed

that pCR status was associated with 10-miRNA RS, HER2
status, PR level, ER level, Ktrans, Kep, and Ve (Table S2 in
Supporting Information). However, multivariable logistic
analysis showed only 10-miRNA RS, HER2 status, PR level,
and Ktrans to be independent predictors of pCR (Table S2 in
Supporting Information). Therefore, these 4 factors were
integrated into a model, named as the 10-miRNA RS-based
model, with the coefficients being calculated as follows:
Logit(P)=−3.999+1.022*HER2+0.901*PR+1.731*RS
+2.279*Ktrans.

The C-index of the nomogram was 0.866 (95% confidence
index (95%CI): 0.811–0.921) 0.811 (95%CI: 0.742–0.880)
and 0.804 (95%CI: 0.734–0.880) in the training, internal and
external validation sets, respectively. The calibration curves
for the probability of attaining pCR in the training and va-
lidation cohorts are shown in Figure S3A–C in Supporting
Information, and suggested good correlations between no-
mogram-predicted and observed pCR status. The 10-miRNA
RS-based model was then configured as a nomogram for
clinical use (Figure 1).

Comparisons with other models

The performance of the nomogram was compared with that
of the 10-miRNA RS-alone model, the Ktrans-alone model,
and the IHC4 model in the training, internal and external
validation sets separately. The AUC of the nomogram
(0.865; 95%CI: 0.809–0.921) for predicting pCR was sig-
nificantly higher than that of the 10-miRNA RS-alone model
(0.720; 95%CI: 0.638–0.801; P=0.001), the Ktrans-alone
model (0.733; 95%CI: 0.645–0.820; P<0.001), and the IHC4
model (0.691; 95%CI: 0.619–0.763; P<0.001) in the training
set. Similarly, in the internal validation cohort, the AUC of
the nomogram (AUC=0.811; 95%CI: 0.724–0.880) for pre-
dicting pCR was significantly higher than that of the 10-
miRNA RS-alone (AUC=0.668; 95%CI: 0.583–0.752;
P=0.002), Ktrans-alone (AUC=0.743, 95%CI: 0.650–0.835;
P=0.049), and IHC4 (AUC=0.655, 95%CI: 0.568–0.744;
P=0.001) model. In the external validation cohort, the no-
mogram had a significantly higher AUC (AUC=0.804; 95%
CI: 0.734–0.873) than did the 10-miRNA RS-alone
(AUC=0.736; 95%CI: 0.664–0.807; P=0.048), Ktrans-alone
(AUC=0.670; 95%CI: 0.571–0.768; P=0.004), or IHC4
(AUC=0.691; 95%CI: 0.608–0.774; P=0.015) model for the
prediction of pCR. The details are shown in Figure 2A–C.
Among patients predicted accurately to attain pCR by the

10-miRNA RS-based model, only 80.9% (89/110) were de-
tected by the IHC4 model. Patients with HER2-negative, and
a high proportion of ER≥10% and PR≥20% could be iden-
tified to attain pCR after NAC treatment by the 10-miRNA
RS-based model rather than the IHC4 model (Table 2).

Clinical utility of the nomogram

The decision curve analysis (DCA) for the nomogram, the
10-miRNA RS-alone, Ktrans-alone, and IHC4 model de-
monstrated that the optimized model provided a higher net
benefit for predicting pCR across a wider reasonable range
(3%–88%) of threshold probabilities (Figure 3A).
The overall pCR scores of the 755 patients ranged from 0

to 260.3. The threshold of the maximal Youden index for
pCR status was 92.2. The probability of achieving pCR was
12.80 (95%CI: 7.64–21.43) times higher in patients with a
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Table 1 Characteristics of patients in training and validation setsa)

Characteristics Training set N=273 (%) Internal validation set
N=265 (%)

External validation set
N=217 (%) Total N=755 (%)

pCR status

Non-pCR 221 (81.0) 229 (86.4) 176 (81.1) 626 (82.9)

pCR 52 (19.0) 36 (13.6) 41 (18.9) 129 (17.1)

10-miRNA RS 2.70±2.24 2.88±2.18 2.46±2.19 2.69±2.21

Ktrans (min−1) 0.19±0.10 0.20±0.12 0.21±0.12 0.20±0.12

Kep (min
−1) 1.14±0.54 1.19±0.64 1.19±0.67 1.17±0.61

Ve 0.17±0.07 0.16±0.07 0.17±0.08 0.17±0.07

Vp 0.02±0.03 0.03±0.12 0.04±0.11 0.03±0.10

ADC value (×10−3mm² s−1) 0.85±0.16 0.86±0.16 0.87±0.16 0.86±0.16

Morphology

Mass 245 (89.7) 231 (87.2) 194 (89.4) 670 (88.7)

NME 28 (10.3) 34 (12.8) 23 (10.6) 85 (11.3)

Internal enhancement characteristics

Homogeneous 80 (29.3) 49 (18.5) 55 (25.3) 184 (24.4)

Heterogeneous 163 (59.7) 182 (68.7) 139 (64.1) 484 (64.1)

Rim enhancement 30 (11.0) 34 (12.8) 23 (10.6) 87 (11.5)

TIC

Persistent 16 (5.9) 21 (7.9) 15 (6.9) 52 (6.9)

Plateau 223 (81.7) 206 (77.7) 158 (72.8) 587 (77.7)

Washout 34 (12.5) 38 (14.3) 44 (20.3) 116 (15.4)

Age

≤50 186 (68.1) 166 (62.6) 129 (59.4) 481 (63.7)

>50 87 (31.9) 99 (37.4) 88 (40.6) 274 (36.3)

Menopausal status

Premenopausal 175 (64.1) 147 (55.5) 119 (54.8) 441 (58.4)

Postmenopausal 98 (35.9) 118 (44.5) 98 (45.2) 314 (41.6)

ER*

Low 48 (17.6) 90 (34.0) 72 (33.2) 210 (27.8)

High 225 (82.4) 175 (66.0) 145 (66.8) 545 (72.2)

PR#

Low 121 (44.3) 103 (38.9) 85 (39.2) 340 (45.0)

High 152 (55.7) 162 (61.1) 132 (60.8) 415 (55.0)

HER2**

Negative 181 (66.3) 163 (61.5) 123 (56.7) 467 (61.9)

Positive 92 (33.7) 102 (38.5) 94 (43.3) 288 (38.1)

Ki-67##

Negative 16 (5.9) 13 (4.9) 18 (8.3) 47 (6.2)

Positive 257 (94.1) 252 (95.1) 199 (91.7) 708 (93.8)

Tumor size@

≤5 cm 214 (78.4) 207 (78.1) 153 (70.5) 574 (76.0)

>5 cm 59 (21.6) 58 (21.9) 64 (29.5) 181 (24.0)

cN stage&

N0-1 208 (76.2) 218 (82.3) 170 (78.3) 596 (78.9)

N2-3 65 (23.8) 47 (17.7) 47 (21.7) 159 (21.1)

(To be continued on the next page)
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score >92.2 than in patients with a score≤92.2 (P<0.001). Of
the 755 patients in this study, 18.7% (141/755) progressed to
local or regional recurrence, distant metastasis, contralateral
breast cancer, or death. The median length of follow-up was
29 months (range 4–108 months). The Kaplan-Meier survi-
val curve for the nomogram score with DFS is presented in
Figure 3B. Multivariable Cox proportional regression re-
vealed that compared with those with a score≤92.2, patients
with a score>92.2 were more likely to have longer DFS
(hazard ratio (HR)=0.57; 95%CI: 0.39–0.83; P=0.004), even
after adjustment for ER expression level and tumor size
(Table 3).

DISCUSSION

In this multicenter study, we developed and validated a 10-
miRNA RS-based model presented as a nomogram and
achieved a high predictive performance for pCR to NAC in
patients with HR-positive breast cancer. The performance of
10-miRNA RS-based model was significantly better than
that of the IHC4 prediction model, especially for high HR-
positive (ER≥10%, PR≥20%) and HER2-negative patients.
Compared with those with a low nomogram score (≤92.2),
patients with a high nomogram score (>92.2) were more
likely to have longer DFS .

(Continued)

Characteristics Training set N=273 (%) Internal validation set
N=265 (%)

External validation set
N=217 (%) Total N=755 (%)

Grade

II 121 (44.3) 128 (48.3) 99 (45.6) 348 (46.1)

III 101 (37.0) 79 (29.8) 60 (27.6) 240 (31.8)

Unknown 51 (18.7) 58 (21.9) 58 (26.7) 167 (22.1)

Pathologic type

IDC 263 (96.3) 258 (97.4) 205 (94.5) 726 (96.2)

ILC 6 (2.2) 5 (1.9) 6 (2.8) 17 (2.3)

Other 4 (1.5) 2 (0.8) 6 (2.8) 12 (1.6)

Surgery

Mastectomy 177 (64.8) 181 (68.3) 154 (71.0) 512 (67.8)

BCS 96 (35.2) 84 (31.7) 63 (29.0) 243 (32.2)

Axillary surgery

SLNB 54 (19.8) 55 (20.8) 35 (16.1) 144 (19.1)

ALND 219 (80.2) 210 (79.2) 182 (83.9) 611 (80.9)

NAC

Anthracycline and paclitaxel-
based 221 (81.0) 202 (76.2) 163 (75.1) 586 (77.6)

Paclitaxel-based 25 (9.2) 30 (11.3) 24 (11.1) 79 (10.5)

Anthracycline-based 25 (9.2) 26 (9.8) 14 (6.5) 67 (8.9)

Other regiments$ 2 (0.7) 7 (2.6) 16 (7.4) 23 (3.0)

Endocrine therapy

Aromatase inhibitor 162 (59.3) 149 (56.2) 129 (59.4) 440 (58.3)

Tamoxifen 111 (40.7) 116 (43.8) 88 (40.6) 315 (41.7)

HER2-positive therapy

Trastuzumab 86 (93.5) 93 (91.2) 83 (88.3) 262 (91.0)

Trastuzumab+pertuzumab 6 (6.5) 9 (8.8) 11 (11.7) 26 (9.0)

Radiation therapy

No 70 (25.6) 87 (32.8) 93 (42.9) 250 (33.1)

Yes 203 (74.4) 178 (67.2) 124 (57.1) 505 (66.9)

a) Abbreviations: PR, progesterone receptor; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; BCS, breast conserving surgery; SLNB,
sentinel lymph node biopsy; ALND, axillary lymph node dissection; Ve, volume fraction of extravascular extracellular space; Vp, volume fraction of plasma;
NME, non-mass enhancement; ADC, apparent diffusion coefficient; TIC, time-signal intensity curve. *, Cases where ≥10% of tumor cells stained positive for
ER with immunohistochemistry (IHC) were considered high. #, Cases where ≥20% of tumor cells stained positive for PR with IHC were considered high. **,
Cases that showed either 3+ IHC staining or had gene copy number>2.0 were considered HER2 positive. ##, Cases where ≥14% of tumor cells stained
positive for Ki-67 with IHC were considered positive. @, The maximum diameter measured at the 90 s of DCE-MRI. &, Nobal staging performed by means
of palpation and US without biopsy confirmation. $, Either with single-agent anthracycline, vinorelbine or combined with platinum, etc.
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One of the most important issues in the treatment of lu-
minal early breast cancer is determining which patients can
receive maximum benefit from chemotherapy. However,
patients with luminal subtypes of breast cancer benefit dif-
ferently from chemotherapy. Tumors with elevated HR level
exhibit increased responsiveness to endocrine therapy (Chen
et al., 2018). In the neoadjuvant setting for luminal-like tu-
mors, identifying those patients who can truly benefit from
NAC is crucial for successfully sparing toxicity and opti-
mally selecting patients for endocrine or targeted therapy
versus chemotherapy. It should be noted that all predictors
was collected before initial treatment in our study. The es-
tablished 10-miRNA RS-based model achieved a higher
predictive performance for pCR to NAC. Meanwhile, com-
pared with IHC4 model, the integrated model could identify
more patients with HER negative, and high ER and PR who
can attain pCR after NAC treatment. Patients with high
model score would have better clinical prognosis after NAC
treatment. By using this scoring system, patients with dif-
ferent probabilities of pCR to NAC can be identified before
the initiation of NAC, which may have significant clinical
value in guiding the preoperative decision-making for HR-
positive patients, especially those with ER≥10%, PR≥20%
and HER2-negative patients.
The prognostic ability of several multiple gene classifiers,

such as the 21-gene assay (Sparano et al., 2021), the 70-gene
MammaPrint signature (Whitworth et al., 2014), the PAM50
(Prat et al., 2016), and EPclin (Filipits et al., 2011), has
already been verified. However, current multigene classifiers
cannot yet be routinely recommended for the prediction of
pCR owing to the small-sample-size clinical trials and rela-
tively low predictive abilities on HR-positive patients. The
heterogeneity of the HR-positive breast cancers may not be
adequately characterized by conventional multigene assays
that do not consider underlying aggressive non-luminal gene
expression profiles.
Noticeably, the 10-miRNAs incorporated into our pre-

dictive model regulate diverse biological characteristics and
processes of breast cancer cells, such as stem cell-like
properties (Yu et al., 2010), chemotherapeutic sensitivity
(Han et al., 2019), apoptosis (Yu et al., 2010), and metastasis
(Chen et al., 2015), via targeting multiple genes. It is rea-
sonable to assume that the combination of these miRNAs
may render a more comprehensive model for predicting
chemotherapeutic response of breast cancer than that derived
from previously devised genetic signatures, which have
mostly involved proliferation-related genes (Reis-Filho and
Pusztai, 2011; Saw et al., 2021). It should be noted that 3 of
the incorporated miRNAs (miR-21, miR-125b, and miR-
200c) play a critical role in regulating the proliferation and

Figure 1 Nomogram to predict pCR probability for patients with HR-positive breast cancer. A nomogram incorporating 10-miRNA RS score, Ktrans, HER2
status, and PR status was developed using the training cohort and was validated in the validation cohort. The sum of the scores is located on the Total Points
axis. Based on the total score, the probability of pCR for patients with HR-positive breast cancer can be predicted.
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drug resistance of cells in HER2-positive breast cancer
(Gong et al., 2011; Kutanzi et al., 2011; Tang et al., 2019).
Compared with nonresponders, NAC responders show sig-
nificantly lower levels of miR-21 (McGuire et al., 2020);
furthermore, low intratumoral expression of miR-7 prior to
NAC can identify those patients unlikely to achieve pCR
(Raychaudhuri et al., 2017).
Tumor cells appear to be more resistant to chemotherapy

due to the increased leakage space and intravascular blood
volume (Jain, 2005; Kim et al., 2017; Viallard and Larrivée,
2017; Zhao et al., 2020). Kinetic parameters can reflect tu-
mor angiogenesis in a noninvasive and quantitative manner.
The underlying pathological abnormalities of tumor angio-
genesis can lead to an increase in Ktrans (Cheng et al., 2018),
and higher Ktrans has also been identified as an indicator of
poor prognosis in breast cancer (Koo et al., 2012). Makris et
al. (1999) reported fewer tumor microvessels being found in

patients with breast cancer who received chemotherapy than
in untreated patients. In our study, a strong correlation was
found between pre-treatemnt Ktrans and pCR in both the
training and validation sets. These findings suggest that basal
Ktrans could be an imaging biomarker for the early prediction
of pCR to NAC treatment.
As mentioned above, most of the miRNAs incorporated

into our 10-miRNA RS-based classifier play vital roles in
regulating the function and progression of tumor cells (Chen
et al., 2015; Han et al., 2019; Iorio et al., 2005; Yu et al.,
2010). Moreover, kinetic parameters derived from DCE-
MRI can reflect microvascular characteristics of cancer tis-
sues (Li et al., 2015; Yi et al., 2014). In our study, the per-
formance of this integrated model for predicting pCR to
NAC was significantly higher than that of the 10-miRNA
RS-alone, Ktrans-alone, and IHC4 model. Thus, the combi-
nation of miRNA signatures, Ktrans, and clinical-pathological

Figure 2 Discriminatory accuracy for predicting pCR status as assessed by ROC analysis to calculate the AUC. The training cohort (A), the internal
validation cohort (B), and the external validation cohort (C). ROC, receiver operating characteristic curve; model, the nomogram model.
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characteristics would provide valuable information about the
biology of tumor, which may be highly associated with the
sensitivity of NAC in HR-positive breast cancer.
In this study, we have shown how a multiparametric model

based on molecular and imaging characteristics can be a
more adequate predictive model in a disease as hetero-
geneous as locally advanced luminal breast cancer. However,
our study still has several limitations. Firstly, although the
composition of the patients was similar to that of other stu-
dies conducted during the same period (Killelea et al., 2015;
Murphy et al., 2018), our relatively large prospective study
contained few HR/HER2-positive patients treated with dual
anti-HER2 monoclonal antibodies, reducing the precision of

our estimates for these patients, which should be investigated
in future studies. Secondly, head-to-head comparisons be-
tween the 10-miRNA RS-based model and other multigene
classifiers, such as the PAM50, and EPclin, have not been
conducted in this study. A series of head-to-head clinical
trials should be initiated in the future.
In summary, we developed an integrative 10-miRNA RS-

based model for predicting pCR to NAC in patients with HR-
positive breast cancer. As the performance in predicting pCR
was good and its relation with better survival, the constructed
nomogram may facilitate personalized treatment decision-
making and consequently improve the clinical prognosis for
patients with HR-positive breast cancer.

Table 2 The comparisons of clinical information according to the pCR status identified by IHC4 model in patients achieving pCR predicted by 10-miRNA
RS-based modela)

Characteristics non-pCR by IHC4 N=21 (%) pCR by IHC4 N=89 (%) P value

Age 0.678

≤50 14 (66.7) 55 (61.8)

>50 7 (33.3) 34 (38.2)

ER* <0.001

Low 0 (0.0) 54 (60.7)

High 21 (100.0) 35 (39.3)

PR# <0.001

Low 8 (38.1) 80 (89.9)

High 13 (61.9) 9 (10.1)

HER2** 0.001

Negative 15 (71.4) 28 (31.5)

Positive 6 (28.6) 61 (68.5)

Ki-67## 0.958

Negative 1 (4.8) 4 (4.5)

Positive 20 (95.2) 85 (95.5)

Tumor size 0.154

≤5 cm 19 (90.5) 67 (75.3)

>5 cm 2 (9.5) 22 (24.7)

cN stage 0.403

N0-1 18 (85.7) 66 (74.2)

N2-3 3 (14.3) 23 (25.8)

Grade 0.003

II 9 (42.9) 27 (30.3)

III 10 (47.6) 19 (21.3)

Unknown 2 (9.5) 43 (48.3)

Pathologic type 0.242

IDC 19 (90.5) 86 (96.6)

ILC 1 (4.8) 2 (2.2)

Other 1 (4.8) 1 (1.1)

a) Abbreviations: IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma. *, Cases where ≥10% of tumor cells stained positive for ER with
immunohistochemistry (IHC) were considered high. #, Cases where ≥20% of tumor cells stained positive for PR with IHC were considered high. **, Cases
that showed either 3+ IHC staining or had gene copy number>2.0 were considered HER2 positive. ##, Cases where ≥14% of tumor cells stained positive for
Ki-67 with IHC were considered positive. P values of the comparison between 2 cohorts were generated by χ2 test for categorical variables.
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Figure 3 The DCA of the 4 predictors and the optimized model (A) and disease-free survival curves for all patients according to the nomogram score
groups (B). The vertical axis represents the value of net benefit, and the horizontal axis shows the clinical usefulness of each model based on a continuum of
potential thresholds for pCR probability. The preferred model is the 10-miRNA RS-based optimized model; it has the highest net benefit across a wider
reasonable range (3%–88%) of threshold probabilities for predicting pCR compared with the use of the 10-miRNA RS, Ktrans, or IHC4 alone.

Table 3 Univariable and Multivariable COX regression of variables with DFS in all patientsa)

Variable
Univariate (N=755) Multivariate (N=755)

Hazard ratio (95%CI) P Hazard ratio (95%CI) P

pCR satus (pCR vs. non-pCR) 0.50 (0.28–0.88) 0.016 –

Age (>50 vs. ≤50) 1.05 (1.14–4.67) 0.771 –

Menopausal status (Post vs. Pre) 0.94 (0.46–1.93) 0.861 –

ER* (low vs. high) 1.50 (1.05–2.14) 0.027 1.65 (1.13–2.41) 0.009

PR# (low vs. high) 1.40 (1.00–1.96) 0.052 –

HER2** (positive vs. negative) 0.84 (0.60–1.20) 0.337 –

Ki-67 (positive vs. negative) 0.82 (0.43–1.55) 0.536 –

Tumor size (>5 cm vs. ≤5 cm ) 2.32 (1.64–3.27) <0.001 2.23 (1.57–3.15) <0.001

cN (N2-3 vs. N0-1) 1.32 (0.91–1.92) 0.144 –

Grade (III vs. II) 1.51 (1.04–2.19) 0.03 –

Surgery (Mastectomy vs. BCS) 1.51 (1.02–2.25) 0.04 –

Axillary surgery (SLNB vs. ALND) 1.65 (0.99–2.74) 0.053 –

Endocrine therapy (AI vs. TAM) 0.99 (0.71–1.38) 0.941 –

HER2-positive therapy (HP vs. H) 1.26 (0.38–4.16) 0.7 –

Radiation therapy (Yes vs. No) 1.15 (0.81–1.63) 0.445 –

10-miRNA RS (>3.03 vs. ≤3.03) 0.52 (0.35–0.77) 0.001 –

Ktrans (≤0.11 vs. >0.11) 0.79 (0.50–1.26) 0.323 –

Kep (≤0.78 vs. >0.78) 0.90 (0.61–1.33) 0.596 –

Ve (≤0.12 vs. >0.12) 1.37 (0.96–1.95) 0.085 –

Nomogram score (>92.2 vs. ≤92.2) 0.66 (0.46–0.95) 0.026 0.57 (0.39–0.83) 0.004

a) Abbreviations: BCS, breast conserving surgery; SLNB, sentinel lymph node biopsy; ALND, axillary lymph node dissection; AI, aromatase inhibitor;
TAM, tamoxifen; HP, trastuzumab+pertuzumab; H, trastuzumab. *, Cases where ≥10% of tumor cells stained positive for ER with immunohistochemistry
(IHC) were considered high. #, Cases where ≥20% of tumor cells stained positive for PR with IHC were considered high. **, Cases that showed either 3+
IHC staining or had gene copy number>2.0 were considered HER2 positive.
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PATIENTS AND METHODS

Study design and data sets

We used the prospectively collected data from an ongoing
clinical trial (NCT01503905; ClinicalTrials.gov) and a
multicenter prospective cohort (ChiCTR-DDD-17013651;
chictr.org.cn) conducted in China between March 1, 2012
and April 30, 2020, which totally includes 870 female pa-
tients with HR-positive breast cancer who were scheduled to
receive standard NAC according to the National Compre-
hensive Cancer Network (NCCN) guidelines. Totally, 115
patients were excluded due to a lack of standard treatment, or
breast cancer samples. Finally, 755 female patients were
included in this study. The details of the patient eligibility
criteria are shown in Table S3 in Supporting Information.
Among 755 patients, 538 patients were recruited from Sun

Yat-sen Memorial Hospital, and divided randomly (1:1) into
the training set (273 patients) and the internal validation set
(265 patients). External validation set included 217 patients
from 3 other hospitals (the Second Affiliated Hospital of
Shandong University, n=125; the Third Hospital of Nan-
chang City, n=60; and the First Affiliated Hospital of
Guangzhou Medical University, n=32). The flow chart of the
enrollment is shown in Figure 4. Ethical approval for this
project was obtained from each participating hospital, and
written informed consent was obtained from all patients.

Outcomes

The endpoint for developing the prediction model was the
pCR rate after NAC treatment. According to the American
Food and Drug Administration criteria (US Department of
Health and Human Services Food and Drug Administration:
https://www.fda.gov/regulatory-information/search-fda-gui-
dance-documents/pathological-complete-response-neoadju-
vant-treatment-high-risk-early-stage-breast-cancer-use),
pCR (ypT0/Tis-ypN0) is defined as the absence of residual
invasive tumor in the breast and axillary lymph nodes on the
operative specimen (breast tumor and axillary lymph nodes)
after standard NAC treatment. Another endpoint used to
estimate the clinical value of the prediction model was DFS,
which was defined as the time from tumor surgery after NAC
to local or regional recurrence, distant metastasis, con-
tralateral breast cancer, death, or the last follow-up visit.

Data collection of predictors

Our candidate predictors included clinical information,
clinicpathological features, 10 miRNA-RS, and MRI para-
meters. Required clinical information included such as pa-
tients’ age, tumor-node-metastasis (TNM) stage, and the
types of adjuvant therapies. Primary breast cancer samples
obtained before the treatment of NAC by core needle biopsy

were used to assess the clinicopathological features, for ex-
ample ER, PR, and HER2 expression according to the World
Health Organization (WHO) classification of breast tumors
(Board, 2019).
The related miRNAs were quantified in the samples of

breast cancer collected before NAC treatment. The 10
miRNAs were miR-30c, miR-21, miR-181a, miR-181c,
miR-125b, miR-7, miR-200a, miR-135b, miR-22, and miR-
200c, which were detected by the method described in a
previous study (Gong et al., 2016). The details of measure-
ment of 10 miRNAs were described in Supplementary
Methods and Table S4 in Supporting Information. The 10-
miRNA RS was calculated according to this previously es-
tablished and validated formula:

10-miRNA RS = 0.165*lg 0.812*lg
+1.053*lg + 0.179*lg
+0.672*lg 0.588*lg

0.469*lg + 1.065*lg
0.986*lg 0.820*lg .

miR-21 miR-30c

miR-181a miR-181c

miR-125b miR-7

miR-200a miR-135b

miR-22 miR-200c

Breast MRI was underwent before biopsy and within 1
week before NAC. MRI parameters such as kinetic para-
meters (Ktrans, Kep, Ve, and volume fraction of plasma (Vp)),
apparent diffusion coefficient (ADC) values, and type of
time-signal intensity curve (TIC) were analysed.
The details about the examination and quantification of 10

miRNAs and MRI parameters are provided in the Supple-
mentary Methods and Table S5 in Supporting Information.

Statistical analysis

In this study, the 10-miRNA RS and the values of kinetic
parameters were divided into binary variables according to
the threshold determined by the maximal Youden index of
pCR status, in which the highest predictive value of pCR is
shown. Descriptive statistics for all patients and three dif-
ferent sets separately were reported as mean and standard
deviation (SD) for continuous variables, and frequencies and
percentages for categorical variables. In the training set, the
distribution of the 10-miRNA RS with pCR status after NAC
treatment was analysed by scatter diagram and boxplot. The
between-group difference in patients with pCR and those
without pCR were examined by t-tests or χ2 test. The sig-
nificant variables were then identified with univariable lo-
gistic regression analyses and included in multivariable
logistic regression analyses via forward conditional selection
to establish the predictive model. The predictive model was
finally named as the 10-miRNA RS-based model and pre-
sented as a nomogram. The discrimination and calibration of
the nomogram was determined by using the Harrell’s con-
cordance index (C-index) and calibration curves.
The performance of the nomogram was also evaluated by
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comparing the area under the receiver operating character-
istic curve (AUC) with that of the 10-miRNA RS-alone
model, the Ktrans-alone model, and IHC4 model separately.
The calculation of the IHC4 algorithm was performed ac-
cording to a previous article (Cuzick et al., 2011). In order to
identify the inconsistency, the characteristics of patients
achieving pCR predicted by the 10-miRNA RS-based model
were compared according to the pCR status (pCR vs. non-
pCR) predicted by the IHC4 model in the training set.
For clinical utility, the DCA for the 4 clinical prediction

models (the 10-miRNA RS-based, 10-miRNA RS-alone,
Ktrans-alone, and IHC4 model) was used to calculate the net
benefits for a range of threshold probabilities (Vickers et al.,
2008). Moreover, univariable and multivariable Cox pro-
portional regression with forward conditional selection was
used to verify the association between predicted nomogram
score and DFS after NAC treatment in all patients. Survival

curves were estimated using the Kaplan-Meier method. The
predicted nomogram scores were put into analysis as a binary
variable (high vs. low) divided by the threshold where the
maximal Youden index of pCR status existed.
Two-sided P values less than 0.05 were considered to be

statistically significant. All statistical analyses were per-
formed using R software (version 3.6.3). The code for ana-
lyses were shown in Supplementary Methods.

Data sharing

The individual participant data will be shared to a study
proposal approved by an accredited ethics committee.
Methodologically sound proposals for any purpose will be
considered by the study committee. Proposals should be
made by email to the corresponding author. To gain access,
data requester will need to sign a data access agreement.

Figure 4 Flowchart of enrollment in the study. A total of 755 patients were enrolled in the study. From Sun Yat-sen Memorial Hospital, 273 patients were
enrolled as the training cohort, and 265 patients were used as the internal validation cohort.*, For the external validation cohort, 217 patients were enrolled
from 3 other centers: the Second Affiliated Hospital of Shandong University (n=125), the Third Hospital of Nanchang City (n=60), and the First Affiliated
Hospital of Guangzhou Medical University (n=32).
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