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Background: The aim of this study was to develop two nomograms for predicting pathologic complete 
response (pCR) after neoadjuvant chemotherapy (NACT) for breast cancer based on quantitative dynamic 
contrast-enhanced magnetic resonance imaging (DCE-MRI), apparent diffusion coefficient (ADC), and 
clinicopathological characteristics at two time-points: before and after two cycles of NACT, respectively. 
Methods: 3.0 T MRI scans were performed before and after 2 cycles of NACT in 215 patients. A total of 
74 female patients with stage II–III breast cancer were included.  According to univariate and multivariate 
logistic regression analysis, nomogram model 1 and nomogram model 2 were developed based on the 
independent predictors for pCR before and after 2 cycles of NACT, respectively. Nomogram performance 
was assessed with the area under the receiver operating characteristic curve (AUC) and calibration slope. 
Results: The independent predictors of pCR were different at the two time points. Both nomograms were 
found to effectively predict pCR: nomogram model 2 based on Ki67, ΔKtrans%, and ΔADC% after 2 cycles 
of NACT showed better predictive discrimination [AUC =0.900 (0.829, 0.970) vs. 0.833 (0.736, 0.930)] and 
calibration ability (mean absolute error of the agreement: 0.017 vs. 0.051) compared to nomogram model 1 
based on pre-NACT HER2, Ki67, and Ktrans. 
Conclusions: Nomograms based on quantitative DCE-MRI parameters, ADC, and clinicopathological 
characteristics can predict pCR in breast cancer and facilitate individualized decision-making for NACT.
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Introduction

Breast cancer is currently the most common malignant 
tumor in females, accounting for 11.7% of all malignant 
tumors. Moreover, breast cancer is one of the leading 
causes of death in women (1,2). Neoadjuvant chemotherapy 
(NACT) is the standard of care for locally advanced breast 
cancer. It is mainly used for reducing the primary tumor 
size and downstaging of disease, which facilitates breast 
conservation (3,4). Patients achieving pathologic complete 
response (pCR) after NACT show lower rates of distant 
recurrence and longer disease-free survival (5-7); the 
improved outcomes are particularly observed in patients 
with human epidermal growth factor receptor 2 (HER2)+ 
breast cancer and those with the more aggressive triple 
negative subtypes (5,8,9). The reported pCR rates range 
from 6% to 45% depending on the tumor subtype and 
the NACT regimen (10-13). Therefore, early detection of 
NACT non-responders is a key imperative in order to spare 
them from ineffective therapies and their potential side 
effects, and to facilitate personalized alterations in treatment 
regimen.

The National Comprehensive Cancer Network Clinical 
Practice Guidelines in Oncology-Breast Cancer (version 
2.2022) recommend magnetic resonance imaging (MRI) for 
assessment of breast cancer response to NACT. Compared 
with mammography and ultrasonography, MRI offers 
higher soft-tissue resolution. Moreover, MRI not only 
delineates the morphological characteristics of lesions, 
but also reflects the pathophysiological state of the tissue 
through dynamic contrast-enhanced magnetic resonance 
imaging (DCE-MRI) and diffusion weighted imaging 
(DWI). In a previous study, DCE-MRI parameters were 
found to predict the efficacy of NACT, but most of these 
are semi-quantitative parameters. A few studies have focused 
on the use of quantitative DCE-MRI parameters combined 
with perfusion and diffusion quantitative parameters to 
identify early predictors of pCR in breast cancer patients 
after NACT (14-21). 

The pCR rate differs in different tumor subtypes. 
Moreover, several factors such as estrogen receptor (ER) 
negativity, high Ki67, low T stage, and high histologic 
grade have been shown to be associated with pCR. To better 
predict pCR, an increasing number of clinical studies have 
developed clinical-pathological variables-based nomogram 
models, in which complex logistic regression models were 
transformed into simple and visual graphical models that 
include multiple risk factors. Therefore, several studies 

have developed nomograms based on clinical-pathologic 
variables to predict pCR (22-25). However, there is a paucity 
of well-designed nomograms for predicting the probability 
of pCR. Therefore, the purpose of this study was to develop 
nomogram incorporating clinical-pathologic variables, 
quantitative DCE-MRI parameters, and ADC values 
obtained before and after 2 cycles of NACT to estimate the 
probability of pCR in breast cancer patients after NACT. 
We present this article in accordance with the TRIPOD 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-22-869/rc).

Methods

Patients

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This study was 
approved by the Ethics Committee of Fujian Provincial 
Hospital (No. K2021-05-007, May 2019). Informed consent 
was obtained from all subjects involved in the study. In total, 
215 patients with suspected breast cancer between July 
2019 and January 2022 were prospectively collected in our 
hospital. The inclusion criteria were: (I) no needle biopsy, 
radiotherapy, or chemotherapy before MRI examination; 
(II) availability of complete MRI review data before NAT 
and within 3 weeks after NAT2 cycle treatment, with good 
image quality; (III) availability of complete pathological 
data; (IV) provision of written informed consent by patients 
before examination. The exclusion criteria are presented in 
Figure 1.

Neoadjuvant chemotherapy regimen

NACT was formulated in accordance with the institution’s 
standard regimen (11). The chemotherapy regimen was 
intravenously administered every 3 weeks for 6–8 cycles. 
The chemotherapy regimens of 74 female patients were as 
follows: 21 patients received TCbHP regimen (docetaxel, 
carboplatin, trastuzumab, pertuzumab); 12 patients 
received AC-THP regimen (epirubicin, cyclophosphamide, 
paclitaxel, trastuzumab, pertuzumab); 12 patients received 
AC-T regimen (epirubicin, cyclophosphamide, paclitaxel); 
11 patients received TAC regimen (paclitaxel or docetaxel, 
epirubicin, cyclophosphamide); 9 patients received AC 
regimen (epirubicin, cyclophosphamide); 3 patients received 
AC-TP regimen (epirubicin, cyclophosphamide, paclitaxel, 
carboplatin); 2 patients received AC-H regimen (Epirubicin, 

https://qims.amegroups.com/article/view/10.21037/qims-22-869/rc
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cyclophosphamide, trastuzumab); 2 patients received TP 
regimen (paclitaxel, carboplatin); and 1 patient received 
THP regimen (paclitaxel, trastuzumab, pertuzumab) and 1 
patient received AT regimen (epirubicin, paclitaxel).

Image acquisition and analysis

All MR examinations were performed in a 3.0T MR 
(MAGNETOM Prisma, Siemens Healthcare, Erlangen, 
Germany) with 18-channel dual breast-dedicated phase-
controlled surface coil. All patients were scanned in the 
prone position, with breasts naturally suspended in the coil. 
The sequences included T1WI (TR/TE =6.03/2.82 ms,  
thickness =0.9 mm, number of slices =160, bandwidth  
=300 Hz/Px, FOV read =340 mm, FOV phase =100%, matrix 
size =403×448), fat saturation T2WI (TR/TE =3,730/69 ms,  
thickness =4 mm, number of layers =35, bandwidth  
=246 Hz/Px, FOV read =340 mm, FOV phase =100%, matrix 
size =384×384, averages =2, concatenations =2), and dynamic 
contrast enhanced MRI (DCE-MRI) (TR/TE =4.03/1.33 ms,  
thickness =1.5 mm, number of slices =112, bandwidth  
=1,120 Hz/Px, FOV read =350 mm, FOV phase =100%, 
matrix size =259×320, measurements 36, volume: 350 mm  

× 350 mm × 1.5 mm × 112, scan time =343 s). The 
parameters of multiple b-value DWI sequences were TR/
TE =5,700/62 ms, layer thickness =4 mm, number of layers 
=35, bandwidth =2,024 Hz/Px, FOV read =340 mm, FOV 
phase =60%, matrix size =114×190; b-values =0, 30, 50, 80, 
120, 160, 200, 500, 1,000, 1,500, 2,000 s/mm2, averages =1, 
1, 1, 1, 1, 1, 1, 1, 2, 2, 3; scan time =308 s. The contrast agent 
used was gadopentetate meglumine injection (Magnevist,  
0.2 mmol/kg; GE Healthcare), which was injected through 
the dorsal vein of the hand through a high-pressure syringe at 
an injection rate of 1.5–2.0 mL/s; 15–20 mL of normal saline 
was injected to flush the connecting tube of the residual 
contrast agent.

Image analysis

Data post-processing was performed by two radiologists 
with 10 and 3 years of experience in breast tumor MRI 
diagnosis, respectively. On the Siemens workstation 
(Siemens Syngo.Via MR workspace), the solid part with the 
largest early enhancement in the lesion area was selected 
and the region of interest (ROI) was manually delineated, 
with a size of 27–193 mm2, avoiding areas with obvious 

90 patients were excluded:
•	 Pathologically proven benign tumor (n=27)
•	 Surgical resection without NACT (n=55)
•	 Loss of follow-up or clinicopathological 

information (n=8)

51 patients were excluded:
•	 Incomplete Pathological data (n=17)
•	 Poor image quality (n=8)
•	 Loss of follow-up or Incomplete MR exam 

(n=26)

215 patients with suspected breast 
cancer underwent MR

125 patients received NACT

74 cases included in this study

npCR (n=49)pCR (n=25)

Figure 1 Flowchart of case selection and distribution in this study. MR, magnetic resonance; NACT, neoadjuvant chemotherapy; pCR, 
pathologic complete response; npCR, non-pathologic complete response.
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necrosis, cystic degeneration, and/or liquefaction. We 
used the two compartments Tofts model in Tissue 4D 
module of Siemens Syngo.Via workstation. This model 
estimated three parameters, including Ktrans (transfer 
constant), Kep (rate constant), and Ve (relative extravascular 
extracellular space). In this work, the Tofts model was used 
as the pharmacokinetic model, and the population-based 
arterial input function preset was based on gamma-variate 
approximations (26-29). Rate of change in Ktrans, Kep, and Ve 

after 2 cycles of NACT was calculated as follows: ΔKtrans%, 
ΔKep%, ΔVe% = [(parameter value after 2 cycles of NACT 
minus parameter value of baseline map)/parameter value 
of baseline map] ×100%. The DWI images were post-
processed using the Siemens workstation (body diffusion 
toolbox), and b=0 and 1,000 s/mm2 were calculated to 
obtain apparent diffusion coefficient (ADC) (30). On 
the ADC map, an ROI with a size of 29–203 mm2 was 
delineated on the largest layer of the solid component of 
the lesion displaying the lowest ADC-values, avoiding areas 
with obvious necrosis, cystic degeneration, and liquefaction. 
If the lesion showed complete response after 2 cycles of 
NACT, the ROI was delineated at the same level and 
location where the lesion was in pre-NACT images. All the 
above parameters were independently measured twice by 
two physicians respectively, and the average value was taken. 
ADC change rate after NACT2 cycle: ΔADC% = [(ADC 
value after 2 cycles of NACT minus baseline ADC value)/
baseline ADC value] ×100%. Tumor size is the largest 
tumor diameter measured on early post-contrast images 
(120 s after contrast injection). Rate of change in tumor 
size ΔDmax% = [(maximum tumor diameter after 2 cycles 
of NACT minus maximum tumor diameter at baseline)/
maximum tumor diameter at baseline] ×100%.

Histopathologic analysis 

The status of ER, progesterone receptor (PR), HER2, and 
Ki67 index were determined by immunohistochemical 
examination (IHC) of breast cancer tissue collected from 
pre-NACT needle core biopsy. ER and PR are collectively 
referred to as hormone receptors (HR). According to the 
2021 version of the Chinese Society of Clinical Oncology 
(CSCO) guidelines, HR positive status (i.e., ER or PR 
positive) is defined as nuclear immunostaining of ≥1% 
tumor cells. HR-negative status (i.e., ER and PR negative) 
is defined as nuclear immunostaining of <1% tumor 
cells. Positive HER2 expression was defined as HER2 
membrane immunostaining score of 3+; if the membrane 

immunostaining score is 2+, in situ hybridization test is 
required to prove HER2 gene amplification. Definition 
of Ki67 positivity: ≥20% of tumor cell nuclei stained for 
Ki67. After 6–8 cycles of NACT, the surgically removed 
breast tissue and regional lymph nodes were fixed, then 
embedded in paraffin, and the specimens were cut into thin 
slices, stained with hematoxylin and eosin, and examined 
by a pathologist with several years of experience in breast 
tumor diagnosis. The residual situation of tumor cells was 
observed. According to the 2021 version of the CSCO 
guidelines (21), pCR is defined as no invasive carcinoma in 
the primary breast (ductal carcinoma in situ may be present) 
and regional lymph node negative, that is, the primary 
tumor is Miller-Payne (MP) grade 5 and lymph node 
negative, or residual tumor burden [residual cancer burden 
(RCB)] evaluation system grade 0.

Statistics

SPSS v25.0 and R software (4.0.0) were used for statistical 
analysis. The normality of distribution and homogeneity of 
variance of continuous variables were assessed by Shapiro-
Wilk test and Levene variance test, respectively. Normally-
distributed continuous variables were expressed as mean 
± standard deviation (SD), and between-group differences 
were assessed using two independent samples t-test. Non-
normally distributed continuous variables were expressed 
as median (upper and lower quartiles) and compared using 
the Mann-Whitney U test. Categorical variables were 
described as frequency (percentage) and the between-group 
differences were assessed using Pearson’s Chi-squared and 
continuous-corrected Chi-squared test. Variables associated 
with P values <0.10 in univariate analysis were included 
in the multivariate binary logistic regression analysis by 
stepwise method to establish the best combined prediction 
model. Taking the pathological pCR results as the gold 
standard, receiver operating characteristic (ROC) curve 
analysis was performed to evaluate the predictive value 
of univariate and combined model to predict pCR after 
NACT, and the area under the ROC curve (AUC) was 
calculated. The cutoff value was chosen according to the 
maximum Youden index. DeLong’s test or Bootstrap test 
was used to compare the differences between univariate 
and combined models. A nomogram model for predicting 
pCR was established based on a multivariate logistic 
regression model. Nomogram performance was assessed 
using AUC and calibration plots. A calibration plot is a 
graphical assessment of the predictive power by comparing 
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the observed probabilities with nomogram-predicted 
probabilities. The ROC curve of the predictive model 
was plotted and the AUC was calculated to evaluate the 
predictive ability.

Results

Clinicopathological characteristics

A total of 74 female patients with stages II–III breast 
cancer were included. The mean age of patients was 
49.7±10.2 years (range, 27–73 years). Data pertaining to all 
clinicopathological variables were collected before NACT. 
The pathological diagnosis was invasive ductal carcinoma 
in 70 cases (Figure 2), invasive lobular carcinoma in 3 cases, 
and metaplastic carcinoma in 1 case. Luminal A (5/74, 
6.8%), Luminal B (38/74, 51.4%), HER2+ (21/74, 28.4%), 
Basal-like (10/74, 13.5%). HR-negative patients (16/25, 
64.0%), HER2-positive patients (18/25, 72.0%) and Ki67-
positive patients (24/25, 96.0%) in the pCR group were 
all significantly more than those in the non-pathologic 
complete response (npCR) group (P=0.006, P=0.002, 
P=0.043, respectively). There was no significant difference 
between pCR and npCR groups with respect to age or 
lesion morphology (Table 1).

Comparison of DCE-MRI quantitative parameters and 
ADC values between pCR and npCR groups by univariate 
analysis

Before NACT, The Ktrans value in the pCR group [0.29 (0.24, 
0.32) min−1] was significantly higher than that in the npCR 
group [0.24 (0.20, 0.29) min−1 (P=0.033)]. The Kep value in 
the pCR group [0.96 (0.85, 1.20) min−1] was slightly higher 
than that in npCR group [0.83 (0.64, 1.04) min−1]; however, 
the difference was not statistically significant (P=0.052). 
There were no significant differences between the pCR and 
npCR groups with respect to Ve or ADC values (P=0.172 
and P=0.622, respectively). 

After 2 cycles of NACT, significant difference of 
ΔKtrans%, ΔKep%, and ΔADC% were found in pCR group, 
compared to npCR group (P≤0.001). These findings 
suggested the potential predictive value of ΔKtrans%, ΔKep%, 
and ΔADC% for pCR. No significant difference of ΔDmax% 
and ΔVe% was observed between the pCR and npCR groups 
(P>0.05) (Table 2).

Intra- and interclass correlation analysis of the DCE-MRI 
quantitative parameters and ADC

The intraclass and interclass correlation coefficients 

A B C D E F

G H I J K L

Figure 2 Representative case study: a 50-year-old woman with npCR after NACT. (A-F) Lesion before neoadjuvant treatment; (G-L) 
lesion after 2 cycles of neoadjuvant treatment. (A,G) Transverse compression lipid T1WI sequence shows the maximum tumor diameter is 
decreased by more than 30%, which indicates a good treatment response. (B,H) ADC image shows value of 0.624×10−3 vs. 0.632×10−3 mm2/s  
before and after 2 cycles of NACT. (C,I) Ktrans pseudo-color image shows value of 0.319 vs. 0.305 min−1 before and after 2 cycles of NACT. 
(D,J) Kep pseudo-color image shows value of 0.837 vs. 0.821 min−1 before and after 2 cycles of NACT. (E,K) Ve pseudo-color image 
shows value of 0.370 vs. 0.251 before and after 2 cycles of NACT. ΔADC%, ΔKtrans% and ΔKep% after 2 cycles of NACT are significantly 
associated with npCR compared to the traditional method of measuring the changes in lesion size. (F,L) The average dynamic curve in 
the ROI with chi-square value of 0.031 vs. 0.021 before and after 2 cycles of NACT. npCR, non-pathologic complete response; NACT, 
neoadjuvant chemotherapy; T1WI, T1-weighted imaging; ADC, apparent diffusion coefficient; Ktrans, transfer constant; Kep, rate constant; 
Ve, relative extravascular extracellular space.
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(CCs) were used to analyze the consistency of the results 
of two measurements by the same physician and the first 
measurement by the two physicians. The values of ICC 
range from 0 to 1: ≥0.75 indicates good consistency,  

0.50≤ ICC <0.75 indicates general consistency, and <0.50 
indicates poor consistency. The results showed that Ktrans 

and Ve exhibited better consistency, compared with Kep and 
ADC (Table 3). 

Table 1 Results of univariate analysis showing clinicopathological variables associated with pCR 

Characteristics Total numbers (n=74) npCR group (n=49) pCR group (n=25) t/χ2 P value

Age* (years) 49.7±10.2 50.4±9.9 48.6±10.9 −0.687 0.496

Lesion morphology** 0.003 0.959

Mass-like 53 (71.62) 35 (71.43) 18 (72.00)

Non-mass-like 21 (28.38) 14 (28.57) 7 (28.00)

HR** 7.581 0.006

Negative 31 (41.89) 15 (30.61) 16 (64.00)

Positive 43 (58.11) 34 (69.39) 9 (36.00)

HER2** 9.243 0.002

Negative 39 (52.70) 32 (65.31) 7 (28.00)

Positive 35 (47.30) 17 (34.69) 18 (72.00)

Ki67*** 4.108 0.043

Negative 14 (18.92) 13 (26.53) 1 (4.00)

Positive 60 (81.08) 36 (73.47) 24 (96.00)

Data are presented as mean ± standard deviation or n (%). *, independent two-sample t-test; **, Pearson χ2 test; ***, continuous corrected 
χ2 test. P values: comparisons between pCR and npCR. pCR, pathologic complete response; HR, hormone receptor; HER2, human 
epidermal growth factor 2.

Table 2 Results of univariate analysis of DCE-MRI and ADC quantitative parameters for predicting pCR before NACT and after 2 cycles of 
NACT

Parameters npCR (n=49) pCR (n=25) t/U P value

Ktrans** (min−1) 0.24 (0.20, 0.29) 0.29 (0.24, 0.32) 426 0.033

Kep** (min−1) 0.83 (0.64, 1.04) 0.96 (0.85, 1.20) 442 0.052

Ve** 0.28 (0.22, 0.37) 0.25 (0.20, 0.34) 732 0.172

ADC* (×10−3 mm2/s) 0.78±0.14 0.80±0.11 −0.49 0.622

ΔDmax%** (%) −24.31 (−8.9, −33.1) −26.79 (−11.1, −37.4) 467 0.101

ΔKtrans%* (%) −13±0.46 −62±0.16 6.68 <0.001

ΔKep%** (%) −8.12 (−35.21, 20.54) −42.34 (−68.76, −28.83) 907 0.001

ΔVe%** (%) 7.23 (−20.01, 30.23) −16.45 (−46.91, 34.67) 723 0.210

ΔADC%** (%) 9.23 (−4.41, 25.52) 44.56 (31.72, 61.73) 234 <0.001

Data are presented as mean ± standard deviation or median (upper and lower quartiles). *, independent two-sample t-test; **, Mann-
Whitney U test. DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; ADC, apparent diffusion coefficient; Ktrans, transfer 
constant; Kep, rate constant; Ve, relative extravascular extracellular space; pCR, pathologic complete response; NACT, neoadjuvant 
chemotherapy.
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Development of nomogram models

Clinicopathological variables and DCE-MRI quantitative 
parameters associated with P values <0.10 in the univariate 
analysis were included. After stepwise multivariate binary 
logistic regression analysis, the results showed that pre-
NACT HER2, Ki67, and Ktrans were independent predictors 
of pCR. The HER2-Ki67-Ktrans based nomogram model 
1 was established (Figure 3). Each predictive factor was 
awarded a score based on the upper scale line. The 
probability of pCR was shown when the total score was 
summed up from all the predictors. Its equation is ln(p/1−
p) = −6.403 + 2.03 × HER2 + 2.536 × Ki67 + 8.965 × Ktrans 
(HER2 positive =1, Ki67 positive =1, HER2 negative =0, 
Ki67 negative =0).

Similarly, Ki67, ΔADC%, and ΔKtrans% were identified 
as independent predictors of pCR after 2 cycles of NACT. 
The Ki67-ΔADC%-ΔKtrans% based nomogram model 2 was 
established (Figure 4) and its equation is ln(p/1−p) = 2.433 × 
Ki67 + 2.562 × ΔADC% + −4.737 × ΔKtrans% (Ki67 positive 
=1, Ki67 negative =0).

Performance of pCR prediction by single-parameter and 
nomogram model

Among all single-parameters obtained before NACT and 
after 2 cycles of NACT, ΔKtrans% had the highest AUC 
value (area under the receiver operating characteristic 
curve): 0.818 (cutoff −36.894), suggesting the highest 
predictive performance of ΔKtrans%. The diagnostic 
sensitivity, specificity, positive predictive value, negative 
predictive value, and accuracy of ΔKtrans% were 100.0%, 
69.4%, 62.5%, 100.0%, and 79.7%, respectively (Tables 4,5 
and Figures 5,6). 

The predictive performance of nomogram model 2 was 
significantly higher compared to the other single-parameter 
[AUC =0.900 (0.829, 0.970), P<0.001] (Table 5). The AUC 
value of nomogram model 2 was slightly higher than that 
of nomogram model 1 (0.900 and 0.833, respectively), but 
the difference was not statistically significant (P=0.174). 
nomogram model 1 was found to be the best model for 
predicting pCR before NACT, compared to Ktrans and 
Kep [AUC =0.833, 0.652, and 0.639, respectively) (Table 

Table 3 Results of correlation analysis of DCE-MRI quantitative parameters and ADC

Variables Ktrans Kep Ve ADC

Interclass CC 0.837 0.589 0.885 0.665

Intraclass CC 0.91 0.867 0.755 0.736

DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; ADC, apparent diffusion coefficient; CC, correlation coefficient; Ktrans, 
transfer constant; Kep, rate constant; Ve, relative extravascular extracellular space.

Points

HER2

Ki67

Ktrans

Total points

Probability of pCR

Negative

Positive

0.01 0.05 0.2 0.4 0.6 0.8 0.95

Positive

10 20 30 40 50 60 70 80 90

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

1000

20 40 60 80 100 120 140 1600

Negative

Figure 3 Establishment of HER2-Ki67-Ktrans based nomogram model 1 for predicting pCR. HER2, human epidermal growth factor 2; Ktrans, 
transfer constant; pCR, pathologic complete response.



He et al. Predict pCR in breast cancer4096

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(7):4089-4102 | https://dx.doi.org/10.21037/qims-22-869

4). nomogram model 2 was the best model [AUC =0.900, 
P<0.05) for predicting pCR after 2 cycles of NACT, 
compared to other single-parameters (AUC values of 
ΔADC%, ΔKtrans%, ΔKep%, and ΔVe% were 0.809, 0.818, 
0.740, and 0.590, respectively) (Table 5). 

The calibration plots from both nomogram models 
showed a good fit of the calibration prediction curve with 
the ideal curve, suggesting a high predictive value of both 
models (Figures 7,8). In both nomogram models, the 
predicted pCR showed a good agreement with the observed 
pCR. Importantly, nomogram model 2 had a smaller mean 
absolute error of the agreement, compared with nomogram 
model 1 (0.017 vs. 0.051). This suggested that nomogram 
model 2 is a better tool to predict pCR with a better 
agreement with the observed pCR.

Discussion

The ability to accurately predict post-NACT pCR in 
patients with breast cancer can provide a distinct leverage 
during treatment decision-making and help improve patient 
prognosis. In this study, HR negative, HER2 positive, and 
Ki67 positive status were associated with pCR. Before 
NACT, higher Ktrans value was associated with pCR; after 2 
cycles of NACT, higher absolute values of ΔKtrans%, ΔKep%, 
and ΔADC% were associated with pCR. Notably, we 
developed two nomograms based on the clinicopathological 
features, quantitative DCE-MRI parameters, and ADC 
values, before NACT and after 2 cycles of NACT, 
respectively. Both HER2-Ki67-Ktrans based nomogram 
model 1 (pre-NACT) and Ki67-ΔADC%-ΔKtrans% based 
nomogram model 2 (after 2 cycles of NACT) showed 

good predictive ability for pCR, which was better than that 
achieved with using quantitative DCE-MRI parameters 
alone.

pCR rate differs based on the clinicopathological status. 
In previous studies, high-grade tumor, HER2-positive, 
high Ki67, and ER negative status were associated with a 
higher likelihood of achieving pCR after NACT (8,31-33). 
Consistent with this, in our study, HR-negative, HER2-
positive, and high Ki67 status before NACT showed a 
significant association with pCR after NACT.

However, in clinical practice, patients with the same 
tumor histological type and stage often show different 
treatment outcomes even if they receive the same NACT. 
Therefore, there is a need to include functional imaging 
combined with magnetic resonance imaging parameters to 
further improve the predictive performance. Quantitative 
DCE-MRI can help assess the exchange of contrast 
agent between blood vessels and intercellular spaces, 
and evaluate tissue perfusion and the integrity of the 
vascular endothelium within the tissue. Currently, the 
most commonly used pharmacokinetic model is the two-
compartment model proposed by Tofts et al. (26) in 1991. 
The two compartments are the vascular space and the 
interstitial space [or extravascular extracellular space (EES)]. 
The model includes the following three parameters (27): (I) 
Ktrans (transfer constant): refers to volume transfer constant 
of gadolinium from blood plasma to the EES, which is 
related to microangiogenesis and vascular permeability (28);  
(II) Kep (rate constant): rate constant gadolinium reflux 
from the EES back into the vascular system; (III) Ve 
(extravascular extracellular volume): volume of the EES per 
unit volume of tissue (i.e., the amount of “space” available 
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Figure 4 Establishment of Ki67-ΔADC%-ΔKtrans% based nomogram model 2 for predicting pCR after 2 cycles of NACT. ADC, apparent 
diffusion coefficient; Ktrans, transfer constant; pCR, pathologic complete response; NACT, neoadjuvant chemotherapy.
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within the interstitium for accumulating gadolinium; it is 
a ratio: Ktrans/Kep), indicating the degree of cell necrosis 
and cellularization. The larger the extracellular space 
volume of the extracellular tissue, the lower the degree of 
cellularization or the greater the degree of cell necrosis. 
Among the pre-NACT quantitative DCE-MRI parameters 
in this study, higher Ktrans value showed a significant 
association with pCR. Wu et al. (28) also reported a strong 
correlation between Ktrans and tumor microvascular density 
(Pearson R2=0.451, P<0.05). Therefore, a higher Ktrans 
value indicates greater tumor microvascular density and 
vascular permeability, which leads to an accumulation 
of the therapeutic drug in the lesion. This facilitates the 

disintegration and necrosis of tumor cells, thereby achieving 
pCR. However, the predictive performance of Ktrans in our 
study was low [AUC =0.652) before NACT. There was no 
significant difference in Kep and Ve values between pCR and 
npCR groups, which is consistent with the results of most 
studies (14,34). 

After 2 cycles of NACT treatment, there was no 
significant difference between pCR and npCR groups with 
respect to ΔDmax% (P>0.05), which indicated no changes in 
tumor size after 2 cycles of NACT. Notably, higher absolute 
values of ΔKtrans% and ΔKep% after 2 cycles of NACT were 
significantly associated with pCR (P<0.001). This suggested 
that quantitative ΔKtrans% and ΔKep% after 2 cycles of NACT 
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Figure 5 Representative case using nomogram models for predicting pCR: a 56-year-old woman with pCR after NACT. The pathology 
of breast puncture was invasive ductal carcinoma with HR−, HER2+, Ki67 45%. Ktrans value was 0.450 vs. 0.181 min−1, ADC 0.633×10−3 vs. 
1.132×10−3 mm2/s before and after 2 cycles of NACT. (A) Using nomogram model 1 for predicting pCR before NACT; (B) using nomogram 
model 2 for predicting pCR after 2 cycles of NACT. pCR, pathologic complete response; NACT, neoadjuvant chemotherapy; HR, hormone 
receptor; HER2, human epidermal growth factor 2; ADC, apparent diffusion coefficient; Ktrans, transfer constant.
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can more readily reflect the pathophysiological changes 
occurring at an earlier stage than morphological changes, and 
can be used as early predictors of pCR. ΔVe% was not found 
to predict pCR, which may be related to the disintegration 
and necrosis of tumor cells and the formation of local fibrous 
tissue in the extracellular space after NACT (35).

DWI reflects the cell density and tissue microstructure 
based on the diffusion of water in tissue. The ADC value 
increases with decrease in the tumor cell density during 
NACT. In our study, absolute ΔADC% value after 2 cycles 
of NACT in the pCR group was significantly higher than 
that in the npCR group. Similar results have been reported 
previously (36). The pre-treatment ADC value was not 
found to predict pCR, which is also consistent with previous 
studies (19,20). 

According to the univariate analysis and stepwise 
multivariate binary logistic regression analysis, the 
independent predictors before NACT were HER2, Ki67, 
and Ktrans, and those after 2 cycles of NACT were Ki67, 
ΔADC%, and ΔKtrans%. Two nomograms were developed 
based on different predictors obtained before and after 2 
cycles of NACT. Both nomograms showed good predictive 
discrimination [AUC =0.833 and 0.900, before and after 2 
cycles of NACT nomograms, respectively) and calibration 
ability (mean absolute error of the agreement =0.051 and 
0.017, before and after 2 cycles of NACT nomograms, 
respectively). This indicated a better predictive ability of 
nomogram after 2 cycles of NACT. This study combined 
the clinicopathological characteristics and MR quantitative 
parameters to improve the prediction efficacy compared 
with the univariate analysis. It also further verified that the 
clinical-imaging-pathological multidisciplinary participation 
is needed to evaluate the efficacy of NACT in breast cancer 
patients.

Nevertheless, some limitations of our study should be 
acknowledged. First, the impact of different molecular 
subtypes of breast cancer, different quadrant, density, or 
depth of breast on the predictive efficacy for post-NACT 
pCR could not be analyzed due to the limited sample size. 
Second, this study was based on a single-center cohort, 
and the nomogram was not validated in an external cohort. 
Third, whether the earlier time point (e.g., after 1 cycle of 
NACT) could predict pCR worth our further investigation. 
Finally, this study selected the solid component of the 
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Figure 6 ROC curves of single parameter and nomogram models 
for predicting pCR. ROC, receiver operating characteristic; pCR, 
pathologic complete response; HER2, human epidermal growth 
factor 2; ADC, apparent diffusion coefficient; Ktrans, transfer constant; 
AUC, area under the receiver operating characteristic curve.
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Figure 7 Calibration plot of predicted pCR by nomogram model 1 
with actual pCR. pCR, pathologic complete response.

Figure 8 Calibration plot of predicted pCR by nomogram model 2 
with actual pCR. pCR, pathologic complete response.
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largest level of the tumor to manually delineate the ROI, 
which may have introduced an element of selection bias. 
Since the overall lesion was not measured, it may not be 
representative of the overall tumor. Further multi-center 
studies with larger patient cohorts are required to verify the 
pCR prediction performance of nomogram model based on 
the full-volume VOI of the lesion.

Conclusions

Nomograms based on HER2, Ki67, and Ktrans and Ki67 pre-
NACT, ΔKtrans%, and ΔADC% after 2 cycles of NACT can 
help predict pCR in breast cancer and inform individualized 
treatment decision-making.
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