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Abstract 

Background: This study aims to observe and analyze the effect of diffusion weighted magnetic resonance imaging 
(MRI) on the patients with locally advanced breast cancer undergoing neoadjuvant chemotherapy.

Methods: Fifty patients (mean age, 48.7 years) with stage II–III breast cancer who underwent neoadjuvant chemo-
therapy and preoperative MRI between 2016 and 2020 were retrospectively evaluated. The associations between 
preoperative breast MRI findings/clinicopathological features and outcomes of neoadjuvant chemotherapy were 
assessed.

Results: Clinical stage at baseline (OR: 0.104, 95% confidence interval (CI) 0.021–0.516, P = 0.006) and standard appar-
ent diffusion coefficient (ADC) change (OR: 9.865, 95% CI 1.024–95.021, P = 0.048) were significant predictive factors 
of the effects of neoadjuvant chemotherapy. The percentage increase of standard ADC value in pathologic complete 
response (pCR) group was larger than that in non-pCR group at first time point (P < 0.05). A correlation was observed 
between the change in standard ADC values and tumor diameter at first follow-up (r: 0.438, P < 0.05).

Conclusions: Our findings support that change in standard ADC values and clinical stage at baseline can predict the 
effects of neoadjuvant chemotherapy for patients with breast cancer in early stage.
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Background
The incidence and mortality of breast cancer rank first in 
women worldwide [1]. Neoadjuvant chemotherapy can 
reduce the tumor stage and postoperative recurrence 
rate, increase the resection rate and breast preservation 
rate, assess sensitivity to chemotherapeutic drugs in vivo, 

and guide clinical applications of postoperative adjuvant 
chemotherapy [2, 3]. As such, neoadjuvant chemotherapy 
plays an important role in the preoperative treatment 
of patients with locally advanced breast cancer. How-
ever, given the lack of predictive factors for neoadjuvant 
chemotherapy, it is not clear how to choose the chemo-
therapy regimen with the highest pathologic complete 
response rate.

Traditional clinical evaluation methods, such as 
breast X-ray and B-ultrasound, cannot accurately dis-
tinguish the nature of nodules or evaluate necrosis 
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[4]. Due to its good soft tissue resolution and spatial 
resolution, magnetic resonance imaging (MRI) has 
numerous advantages over X-ray and B-ultrasound for 
detecting the extent and depth of tumors, simultane-
ous imaging comparison of double breast lesions, and 
monitoring recurrence after breast-conserving surgery 
[4]. Traditional MRI can be used to evaluate the effect 
of chemotherapy based on changes in tumor diameter 
and volume, which are often inconsistent with postop-
erative pathological results [5].

Diffusion weighted imaging (DWI) technology can 
measure and image the dispersion of water molecules 
by detecting the characteristics of dispersion motion 
[6]. Different from conventional MRI sequences, DWI 
can evaluate water molecule exchange in tissues and 
components under pathological and physiological con-
ditions, which is expressed as the apparent diffusion 
coefficient (ADC). A high ADC value indicates fast 
molecular diffusion. Notably, the ADC values of malig-
nant breast tumors are often lower than those of benign 
masses. Due to the small extracellular spaces and high 
cell density of tumor tissue, the movement of water 
molecules is limited in the malignant breast tumor 
microenvironment [7, 8].

Chemotherapy, as well as other toxic reactions, are 
commonly characterized by cell lysis and apoptosis. 
After chemotherapy or radiotherapy, the length, thick-
ness, micro-vessel density, permeability, and blood flow 
velocity of blood vessels may change before the tumor 
size changes. Changes in cell membrane permeability 
caused by cell necrosis can lead to increased extracellu-
lar space and water molecular fluidity, which can signif-
icantly reduce the ADC value of tumors. Therefore, the 
ADC value may predict the efficacy of chemotherapy 
before imaging evaluation for tumor diameter.

Given its advantages for displaying and evaluat-
ing the blood supply, proliferation, vascular length, 
and cell density of small lesions, DWI is widely used 
for the diagnosis and differentiation of small nod-
ules, evaluation of curative effects, and monitoring of 
recurrence [9–11]. Previous studies have reported that 
multiparametric MRI are closely related to the effects 
of chemotherapy, pathological grading, survival time, 
and positive margin after breast conserving surgery [8, 
12–17].

In the present study, 50 patients with stage II–III 
breast cancer who received neoadjuvant chemotherapy 
were examined by MRI at different time points. Various 
MRI parameters were used in analyses of the relation-
ships between the clinicopathological features of breast 
cancer patients and the effects of neoadjuvant chemo-
therapy and to determine the predictive value of MRI 
parameters.

Methods
Study population
Fifty patients with stage II–III breast cancer who under-
went neoadjuvant chemotherapy and preoperative MRI 
between 2016 and 2020 were retrospectively included 
in this study. The inclusion and exclusion criteria are 
presented as a flowchart in Fig.  1. Patients with locally 
advanced breast cancer who met the inclusion/exclusion 
criteria were randomly treated with one of the follow-
ing neoadjuvant chemotherapy regimens: EC (epirubicin 
plus cyclophosphamide), EC-TH (docetaxel plus hercep-
tin), TEC (docetaxel, epirubicin, plus cyclophosphamide) 
and so on with two to eight cycles. If patients showed 
serious chemotherapy-related side effect, the dose was 
adjusted accordingly. In case of disease progression, neo-
adjuvant chemotherapy was discontinued.

Pathological evaluation
Postoperative pathological sections were observed. 
According to postoperative pathological evaluation, the 
chemotherapeutic effect was graded as 1–5, according 
to the Miller and Payne classification criteria [18, 19]. 
Pathological reaction grade 5 was regarded as pathologic 
complete response (pCR), while pathological reaction 
grades 1–4 were regarded as not pathologic complete 
response (non-pCR).

MRI examinations
All patients were imaged using a 3.0 T MRI (GE Signa 
HD × T, America) with an 8-channel dedicated breast 
coil. Conventional plain scan sequences included 
transverse T1WI, oblique sagittal T2WI fat suppres-
sion, and IVIM-DWI. Enhanced sequences included 
dynamic contrast enhanced MRI (DCE-MRI), delay-
phase transgression, and vibrant sagittal enhancement. 
For the IVIM-DWI sequence, the parameters were: 9 b 
values of axial DWI; diffusion coefficient b values of 0, 
25, 50, 100, 150,200, 500, 800, and 1000  s/mm2; FOV 
38  cm × 26  cm; TR 4000  ms; TE 76.9  ms; layer thick-
ness 4 mm; layer spacing 1.0 mm; and matrix 96 × 130. 
For the DCE-MRI sequence, the parameters were: 
FOV 38 × 32 cm, TR 4.2 ms, TE 2.0 ms, layer thickness 
4  mm, layer spacing 0  mm, matrix 320 × 192, turning 
angle 15°, single phase temporal resolution 15  s, and 
a total of 40 phases. IVIM-DWI parameter values and 
color images were obtained through the GE ADW 4.5 
workstation using FuncTool software. The DCE-MRI 
relevant parameters were calculated by omni-kinetics 
software (GE Healthcare, China). The region of inter-
est (ROI) on the IVIM-DWI parameter map and DCE-
MRI perfusion map was manually set by two senior 
radiologists with more than 10  years of experience in 
breast diagnosis. The ROIs for two sequences were set 
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to remain consistent with reference to the T2WI fat 
suppression sequence, DWI sequence, and DCE-MR 
sequence images with arterial phase. The ROI of the 
tumor should cover at least 2/3 of the lesion, keep-
ing away from cystic degeneration, bleeding, and the 
necrosis area as much as possible. Three apparent dif-
fusion coefficients (ADC) were measured by a single 
exponential model, and the average value was obtained.

The analyzed MRI features in the study included breast 
type, lesion types, lesion location, lesion quadrant, BI-
RADS rating, pectoral muscle invasive, skin around 
areola invasive, crater nipple, internal mammary artery 
thickening, subareolar duct invasive, contralateral breast, 
standard ADC change, tumor size change, slow ADC 
change, fast ADC, F value and TIC type, respectively.

Statistical analysis
The Chi-squared test or Fisher’s exact test was used to 
assess the correlation between preoperative MRI findings 
or clinicopathological factors and MP grades. Multivari-
ate analysis was performed using logistic regression, the 
odds ratios (ORs) and Person’s correlation coefficient (r) 
were estimated. We considered P values less than 0.05 to 

be statistically significant. SPSS software (version 25.0, 
IBM) was used for all statistical analyses.

Results
Relationship between clinicopathological features 
and chemotherapeutic effects
The final histopathological results of the surgical speci-
mens revealed invasive carcinoma in 46 patients, inva-
sive ductal carcinoma in 1 patients, ductal carcinoma in 
1 patient, and mucinous adenocarcinoma in 2 patient 
(Table 1). Of the total 50 patients, 12 (24.0%) showed pCR 
and 38 (76.0%) showed non-pCR. The pCR and non- pCR 
groups did not differ significantly in terms of age (mean 
45.0 ± 10.4 vs. 49.9 ± 10.6, respectively, P = 0.169, Table 1) 
or tumor size (mean 11.7 ± 11.7 vs. 11.3 ± 10.1, respec-
tively, P = 0.936, Table 1). The relationships between clin-
icopathological features and chemotherapeutic effects 
were then studied. The clinical T stage was associated 
with chemotherapeutic effect (Table  1). Clinical stage 
(OR: 9.667, 95% CI 2.145–43.563, P = 0.003) and clinical 
T stage (OR: 0.119, 95% CI 0.027–0.530, P = 0.005) were 
significantly associated with chemotherapeutic effect in 
univariate regression analysis and were thus included in 
the multivariate logistic regression analysis (Table 2).

Fig. 1 Flowchart of patient selection
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Table 1 Analysis of associations between clinicopathologic 
factors and effect of neoadjuvant chemotherapy

NAC neoadjuvant chemotherapy, TNBC triple-negative breast cancer, EC 
epirubicin plus cyclophosphamide, TH docetaxel plus Herceptin, TEC docetaxel, 
epirubicin plus cyclophosphamide
* Data are measured at baseline. The data of patient age and tumor size are 
mean ± standard deviation

Variable All, n (%) pCR, n (%) Non-pCR, n (%) P value

Patient age (years) 48.7 ± 10.7 45.0 ± 10.4 49.9 ± 10.6 0.169

Tumor size  (mm3)* 11.6 ± 11.2 11.7 ± 11.7 11.3 ± 10.1 0.936

Histological type*

 Invasive 47 (94.0) 11 (91.7) 36 (94.7)

 Other 3 (6.0) 1 (8.3) 2 (5.3) 0.696

Histologic grade*

 1–2 34 (68.0) 11 (91.7) 23 (60.5)

 3 16 (32.0) 1 (8.3) 15 (24.0) 0.060

Clinical stage*

 II 18 (36.0) 9 (75.0) 9 (76.0)

 III 32 (64.0) 3 (25.0) 29 (71.0) 0.001

T stage*

 T1–T2 19 (38.0) 9 (75.0) 10 (26.3)

 T3–T4 31 (62.0) 3 (25.0) 28 (73.7) 0.002

N stage*

 N0 4 (8.0) 1 (8.3) 3 (7.9)

 N1–3 46 (92.0) 11 (91.7) 35 (92.1) 0.961

Lymph node size*

 ≤ 1.0 cm 29 (58.0) 7 (58.3) 22 (57.9)

 > 1.0 cm 21 (42.0) 5 (41.7) 16 (42.1) 0.979

NAC regimen

 EC 16 (32.0) 4 (33.3) 12 (31.6)

 EC-T(H) 24 (48.0) 6 (50.0) 18 (47.4)

 TEC or other 10 (20.0) 2 (16.7) 8(21.1) 0.947

AC cycle

 1–4 16 (32.0) 3 (25.0) 13 (34.2)

 5–8 34 (68.0) 9 (75.0) 25 (65.8) 0.551

CEA level*

 Normal 45 (90.0) 11 (91.7) 34 (89.5)

 Abnormal 5 (10.0) 1 (8.3) 4 (10.5) 0.654

CA125 level*

 Normal 46 (92.0) 11 (91.7) 35 (92.1)

 Abnormal 4 (8.0) 1 (8.3) 3 (7.9) 0.961

CA153 level*

 Normal 45 (90.0) 10 (83.3) 35 (92.1)

 Abnormal 5 (10.0) 2 (16.7) 3 (7.9) 0.377

Breast cancer 
subtype

 TNBC 12 (24.0) 4 (33.3) 8 (21.1)

 Her-2 positive 10 (20.0) 2 (16.7) 8 (21.1)

 Luminal A(B) 28 (56.0) 6 (50.0) 22 (57.9) 0.683

Ki-67 status

 ≤ 20% 15 (30.0) 2 (16.7) 13 (34.2)

 > 20% 35 (70.0) 10 (83.3) 25 (65.8) 0.248

Table 2 Univariate logistic regression analysis of 
clinicopathologic factors and effect of neoadjuvant 
chemotherapy

NAC neoadjuvant chemotherapy, TNBC triple-negative breast cancer, 
EC epirubicin plus cyclophosphamide, TH docetaxel plus Herceptin, TEC 
docetaxel,epirubicin plus cyclophosphamide

*Data are measured at baseline. The data of patient age and tumor size are 
mean ± standard deviation

Variable Univariate analysis

OR 95% CI P value

Patient age (years)

 < 50 0.450 0.116–1.751 0.249

 ≥ 50 Ref

Histological type

 Invasive 1.636 0.135–19.808 0.699

 Other Ref

Histologic grade*

 1–2 0.156 0.018–1.339 0.090

 3 Ref

Clinicalstage*

 I–II 9.667 2.145–43.563 0.003

 III Ref

T stage*

 T1–T2 0.119 0.027–0.530 0.005

 T3–T4 Ref

N stage*

 N0 0.943 0.089–10.010 0.961

 N1–3 Ref

Lymph node size*

 ≤ 1.0 cm 0.982 0.263–3.662 0.979

 > 2.0 cm Ref

NAC regimen

 EC 1.333 0.196–9.083 0.769

 EC-T(H) 1.333 0.220–8.099 0.755

 TEC or other Ref

NAC cycle

 1–4 1.560 0.359–6.775 0.553

 5–8 Ref

CEA level*

 Normal 0.600 0.063–5.709 0.657

 Abnormal Ref

CA125 level*

 Normal 1.061 0.100–11.260 0.961

 Abnormal Ref

CA153 level*

 Normal 2.333 0.341–15.952 0.388

 Abnormal Ref

Breast cancer subtype

 TNBC Ref

 Her-2 positive 0.500 0.070–3.550 0.488

 Luminal A/B 0.545 0.121–2.449 0.429

 Ki-67 status

 ≤ 20% 2.600 0.495–13.668 0.259

 > 20% Ref
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Table 3 Analysis of associations between MRI findings and effect of neoadjuvant chemotherapy

Variable All, n (%) pCR, n (%) Non-pCR, n (%) P value

Breast type

 Fibrous gland 14 (28.0) 3 (25.0) 9 (23.7)

 Compact 30 (60.0) 7 (58.3) 5 (13.2)

 Unknown 6 2 4 0.936

Lesion types

 Irregular 26 (52.0) 4 (33.3) 22 (57.9)

 Section distribution 6 (12.0) 3 (25.0) 3 (7.9)

 Circular 8 (16.0) 3 (25.0) 5 (13.2)

 Satellite lesions 10 (20.0) 2 (16.7) 8 (21.1) 0.244

Lesion location

 Left 24 (48.0) 9 (75.0) 15 (39.5)

 Right 26 (52.0) 3 (25.0) 23 (60.5) 0.032

Lesion quadrant

 Outer quadrant 37 (74.0) 9 (75.0) 28 (73.7)

 Upper inner 7 (14.0) 1 (8.3) 6 (15.8)

 Central 5 (10.0) 1 (8.3) 4 (10.5)

 Diffuse 5 (10.0) 1 (8.3) 4 (10.5) 0.886

BI-RADS rating

 5 39 (78.0) 9 (75.0) 30 (78.9)

 6 8 (16.0) 2 (16.7) 6 (15.8)

 Unknown 3 1 2 0.573

Pectoral muscle invasive

 Yes 13 (26.0) 10 (83.3) 3(7.9)

 No 37 (74.0) 2 (16.7) 35 (92.1) 0.398

Skin around areola invasive

 Yes 30 (60.0) 5 (41.7) 25 (65.8)

 No 20 (40.0) 7 (58.3) 13 (34.2) 0.137

Crater nipple

 Yes 18 (36.0) 2 (16.7) 16 (42.1)

 No 32 (64.0) 10 (83.3) 22 (57.9) 0.109

Internal mammary artery thickening

 Yes 30 (60.0) 7 (58.3) 23 (60.5)

 No 20 (40.0) 5 (41.7) 15 (39.5) 0.892

Subareolar duct invasive

 Yes 18 (36.0) 3 (25.0) 15 (39.5)

 No 32 (64.0) 9 (75.0) 24 (63.2) 0.109

Contralateral breast

 Hyperplasia and adenosis 30 (60.0) 9 (75.0) 21 (55.3)

 Galactocele/fortified nodule 14 (28.0) 1 (8.3) 12 (31.6)

 No 8 (16.0) 2 (16.7) 6 (15.8) 0.202

Standard ADC change*

 ≤ 15% 19 (38.0) 1 (18.3) 18 (47.4)

 > 15% 31 (62.0) 11 (91.7) 20 (52.6) 0.015

Slow ADC change*

 ≤ 15% 17 (36.2) 2 (16.7) 15 (42.9)

 > 15% 30 (63.8) 10 (83.3) 20 (57.1) 0.103

 Unknown 3 1 2

Tumor size change*

 ≤ 15% 15 (30.0) 1 (8.3) 14 (36.8) 0.06
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Relationship between MRI parameters 
and chemotherapeutic effects
Tumor features and MRI parameters were analyzed 
using the chi-square test. The associations between 
MRI parameters and effects of neoadjuvant chemo-
therapy were present (Table 3). Table 4 summarizes the 
results of the univariate logistic regression analysis of 
MRI findings. Standard ADC value change (OR: 9.9, 
95% CI 1.16–84.471, P = 0.036) and lesion location (OR: 
0.217, 95% CI 0.051–0.936, P = 0.040) were strongly 
associated with the effects of neoadjuvant chemo-
therapy (Table  4). Lesion type (irregular) (OR: 0.182; 
95% CI 0.027, 1.243; P = 0.082), lesion quadrant (outer 
quadrant) (OR: 0.182, 95% CI 0.027–1.243, P = 0.082), 
and tumor size change (OR: 0.156, 95% CI 0.018–1.339, 
P = 0.090) were weakly associated with the effects of 
neoadjuvant chemotherapy (Table  4). The factors with 
P < 0.1 were included in the multivariate logistic regres-
sion and the included factors were lesion types, lesion 
location, lesion quadrant, standard ADC change and 
tumor size change, respectively (Table  5). The multi-
variate logistic regression analysis showed that clinical 
stage (OR: 0.104, 95% CI 0.021–0.516, P = 0.006) and 
standard ADC value change (OR: 9.865, 95% CI 1.024–
95.021, P = 0.048) were predictive factors of the effects 
of neoadjuvant chemotherapy (Table 5).

Changes in standard ADC values between pCR 
and non-pCR group patients
Changes in standard ADC values differed significantly 
between patients in the pCR and non-pCR group at 
first follow-up (P < 0.05, Fig. 2a). A plot of the receiver 

operating characteristic (ROC) curve is shown in 
Fig. 2b (Area under the ROC curve (AUC): 0.828, 95% 
CI 0.681–0.975, P < 0.05). Figure 2c shows the changes 
in standard ADC values in the pCR and non-pCR 
groups at baseline, first follow-up point, and second 
follow-up point. Percentage increase of the standard 
ADC value in the pCR group was larger than that in the 
non-pCR group at the first time point (P < 0.05, Fig. 2c, 
d). The changes in standard ADC values did not differ 
significantly between the two groups at the second time 
point (Fig. 2c, d). These findings suggest that changes in 
standard ADC values can predict the effects of neoad-
juvant chemotherapy in the early stages.

Correlation between standard ADC value and tumor 
diameter at different observation points
The correlation between tumor diameter and stand-
ard ADC value change for patients in both groups was 
assessed at the different time point (Fig. 3a, b). The per-
centage change of the standard ADC value in the pCR 
group was significantly higher than the change in tumor 
size at first follow-up, whereas there was no signifi-
cant difference between percentage change in standard 
ADC value and change in tumor size in the non-pCR 
group at first follow-up (Fig. 3a, b). There was a signifi-
cant correlation between change in the standard ADC 
value and tumor diameter at first follow-up (r = 0.438, 
P < 0.01; Fig. 4a). These results showed that changes in 
standard ADC values appeared at early stages and the 
values in the pCR group can predict the effects of neo-
adjuvant chemotherapy in breast cancer patients in the 
early stages.

Table 3 (continued)

Variable All, n (%) pCR, n (%) Non-pCR, n (%) P value

 > 15% 35 (70.0) 11 (91.7) 24 (63.2) 0

Fast ADC  (10−3 mm2/s)

 Value 15.0 ± 14.4 13.9 ± 17.9 15.3 ± 13.1 0.785

 Unknown 6 1 5

F value (%)

 Value 40.3 ± 27.8 47.3 ± 30.7 38.0 ± 26.9

 Unknown 5 1 4 0.337

TIC type

 Ascending 6 (12.0) 1 (8.3) 5 (13.2)

 Reduced 15 (30.0) 5 (41.7) 10 (26.3)

 Invariable 29 (58.0) 6 (50.0) 23 (60.5) 0.586

MRI data are measured at baseline

ADC apparent diffusion coefficient, TIC time intensity curve, F value fraction of fast ADC

*Data are measured at the first two cycles
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Comparison of standard ADC values between breast 
cancer subtypes
Changes in the standard ADC values for breast can-
cer patients with different molecular subtypes in the 
pCR and non-pCR groups were investigated at the first 
observation point. Patients with triple-negative type 
in pCR group had a slightly higher change in standard 
ADC value than that in non-pCR group at first follow-
up (P > 0.01, Fig. 4b). At first follow-up, there were no 
significant differences in the percentage change of the 
standard ADC values among the other breast cancer 
subtypes (Fig. 4b).

MRI findings and ADC maps of two patients at different 
time points
A 49-year-old woman received six cycles of neoadjuvant 
chemotherapy (EC-T) and showed pCR (Fig. 5). At base-
line, first follow-up, second follow-up, and preoperatively, 
the tumor volume decreased significantly and the stand-
ard ADC value increased gradually (Fig. 5). A 51-year-old 
woman received four cycles of neoadjuvant chemother-
apy (EC-T) and showed non-pCR (Fig.  6). At baseline, 
first follow-up, second follow-up, and preoperatively, the 

Table 4 Univariate logistic regression analysis of MRI findings 
and effect of neoadjuvant chemotherapy

Variable Univariate analysis

OR 95% CI P value

Breast type

 Fibrous gland 0.682 0.085–5.448 0.718

 Compact 0.795 0.125–5.045 0.808

 Unknown Ref

Lesion types

 Irregular 0.182 0.027–1.243 0.082

 Section distribution Ref

 Circular 0.600 0.070–5.136 0.641

 Satellite lesions 0.250 0.027–2.319 0.223

Lesion location

 Left 0.217 0.051–0.936 0.040

 Right Ref

Lesion quadrant

 Outer quadrant 0.182 0.027–1.243 0.082

 Upper inner 0.600 0.070–5.136 0.641

 Central Ref

 Diffuse 0.250 0.027–2.319 0.223

BI-RADS rating

 5 1.667 0.306–9.080 0.555

 6 Ref

 Unknown 5.000 0.212–117.894 0.318

Pectoral muscle invasive

 Yes 2.037 0.383–10.845 0.404

 No Ref

Skin around areola invasive

 Yes 2.692 0.713–10.170 0.144

 No Ref

Crater nipple

 Yes 3.636 0.699–18.918 0.125

 No Ref

Internal mammary artery thickening

 Yes 1.095 0.293–4.097 0.892

 No Ref

Subareolar duct invasive

 Yes 3.636 0.699–18.918 0.125

 No Ref

Contralateral breast

 Hyperplasia and adenosis 6.158 0.694–54.644 0.103

 Galactocele/fortified nodule Ref

 No 4.333 0.326–57.649 0.267

Standard ADC change*

 ≤ 15% 9.9 1.16–84.471 0.036

 > 15% Ref

Tumor size change*

 ≤ 15% 0.156 0.018–1.339 0.090

 > 15% Ref

Slow ADC change*

Table 4 (continued)

Variable Univariate analysis

OR 95% CI P value

 ≤ 15% 3.75 0.714–19.707 0.118

 > 15% Ref

TIC ype

 Ascending 0.400 0.036–4.411 0.454

 Reduced Ref

 Invariable 0.522 0.129–2.116 0.362

MRI data are measured at baseline

ADC apparent diffusion coefficient, TIC time intensity curve

*Data are measured at the first two cycles

Table 5 Multivariate logistic regression analysis of MRI findings 
and effect of neoadjuvant chemotherapy

MRI data are measured at baseline

ADC apparent diffusion coefficient

*Data are measured at the first two cycles

Variable Multivariate analysis

OR 95% CI P value

Clinical stage*

 I–II 0.104 0.021–0.516 0.006

 III Ref

Standard ADC change*

 ≤ 15% 9.865 1.024–95.021 0.048

 > 15% Ref
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tumor volume showed no obvious changes (2.40   cm2, 
2.10  cm2, 2.08  cm2, 2.09  cm2, respectively) and the stand-
ard ADC values were also stable (1.21 ×  10−3, 1.18 ×  10−3, 
1.20 ×  10−3, and 1.22 ×  10−3  mm2/s, respectively) (Fig. 6).

MRI findings and TIC curves of two patients at different 
time points
The 3DFSPGR dynamic enhancement sequence and TIC 
curve at baseline, first follow-up, second follow-up, and 
preoperatively are shown for patients in Additional file 1: 
Fig. S1. The patient who showed pCR had TIC curve 
types with efflux-influx-influx-influx (Additional file  1: 

Fig. S1A–B). The patient who showed non-pCR had TIC 
curve types with efflux–efflux–efflux–influx (Additional 
file 1: Fig. S1C–D).

Sometimes the images to be treated are affected by 
uncertainties and / or inaccuracies such as to require a 
fuzzy preprocessing of the same [20, 21].

Discussion
Chemotherapy can induce apoptosis and necrosis of 
tumors, resulting in a decreased density of tumor cells, 
incomplete tumor cell membranes, and increased extra-
cellular space. The ADC value of a tumor is known to 

Fig. 2 Plots of standard ADC changes in the non-pCR and pCR groups. a Changes in ADC values in non-pCR and pCR groups. Statistical significance 
was assessed at P < 0.05. b ROC curve. The AUC of the ROC curve was 0.828, 95% CI was 0.681–0.975, and the P value < 0.01. Changing trend in 
standard ADC values at different points in non-pCR (c) and pCR (d) groups
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change when patients receive effective chemotherapy 
in the early stage of tumor progression [22–24]. Previ-
ous studies have also proposed that ADC values reflect 
ex  vivo cell density and are correlated with apoptosis. 
Thus, ADC values may be a responsive marker for chem-
otherapeutic efficacy [25, 26].

Li et  al. suggested a correlation between ADC value 
and the effect of neoadjuvant chemotherapy for breast 
cancer [12]. After the first cycle of neoadjuvant chem-
otherapy, the ADC value of tumor tissue increased 

significantly in patients who received complete response 
or partial response. Changes in the ADC values of tumor 
tissue after chemotherapy were positively correlated with 
changes in tumor diameter, and early changes in ADC 
values predicted the chemotherapy sensitivity of tumor 
tissue [12].

Our study found that, after the first cycle of neoad-
juvant chemotherapy, the percentage increase of the 
standard ADC value in breast cancer patients in the 
pCR group was significantly higher than that in breast 

Fig. 3 Box plot showed the change between standard ADC value and tumor size at observation points (a, b) in pCR versus non-pCR groups

Fig. 4 Plots of standard ADC changes at first follow-up and for the different breast cancer subtypes. a Correlation between change in the standard 
ADC value and change in tumor diameter. Pearson’s r was 0.438 and P < 0.01. b Standard ADC values of different breast cancer subtypes in non-pCR 
and pCR groups
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cancer patients in the non-pCR group (P < 0.01). Further-
more, a significant correlation between standard ADC 
value and tumor diameter was observed at first follow-
up (r = 0.438; P < 0.01), which is similar to the results of 
previous studies. We found no significant difference in 
standard ADC value or tumor diameter between the pCR 
and non-pCR groups at second follow-up.

A retrospective study of 53 patients with locally 
advanced breast cancer by Sang et al. suggested that DW-
MRI imaging can predict the effects of chemotherapy 
and guide clinical applications [27]. They reported that 
the ADC values of 36 patients who responded to treat-
ment were significantly lower than those of patients who 
did not respond to treatment. Furthermore, the percent-
age change of the ADC value in patients who responded 
to treatment was significantly higher than that of patients 
who did not respond to treatment. These results indicate 
that patients with a lower ADC value before neoadjuvant 
therapy may benefit more from chemotherapy [27]. In 
our study, we also analyzed differences in standard ADC 
values at baseline for patients in different therapeutic 
groups. The standard ADC value of the 12 pCR patients 

(0.90 ± 0.18) before treatment was lower than that of 
the 38 non-pCR patients (0.99 ± 0.27) before treatment, 
although the difference was not statistically significant 
(P = 0.312).

Previous studies have observed a correlation between 
the ADC value and chemotherapy effect in breast can-
cer patients with different subtypes. One study reported 
that the ADC values in patients with triple-negative and 
Her-2 overexpression types were significantly higher than 
those in patients with luminal A and luminal B types 
before chemotherapy [10]. Furthermore, the ADC values 
in patients with triple-negative cancer were significantly 
higher than those in patients with other subtypes after 
chemotherapy, and the ADC values of patients with the 
triple-negative type in the pCR group before chemother-
apy were significantly lower than those of patients in the 
non-pCR group [10]. Enida et al. found that ADC value 
was a predictive marker in some breast cancer subtypes 
[28]. Their study found a significant difference in ADC 
values between responsive patients and non-responsive 
patients with triple-negative and Her-2 overexpres-
sion type cancer [28]. In our study, we also observed a 

Fig. 5 MRI images of a 49-year-old woman with invasive breast cancer who showed pCR after completing neoadjuvant chemotherapy (six cycles 
EC + T). a–d From top to bottom, the images show the vibrant enhancement sequence, IVIMnd ADC map, respectively. The ROI area of the DWI 
images is marked by a red circle. At baseline, first follow-up, second follow-up, and preoperatively, the tumor volume (white arrow) was 29.93, 22.44, 
2.60, and 0.4  cm2, respectively, and standard ADC value was 1.0 ×  10−3, 1.3 ×  10−3, 1.5 ×  10−3 and 1.3 ×  10−3, respectively



Page 11 of 13Lu et al. BMC Med Imaging          (2021) 21:155  

relationship between standard ADC values and chemo-
therapeutic efficacy in patients with different breast can-
cer subtypes. We found that there was no difference in 
standard ADC values in all breast cancer subtypes before 
chemotherapy. However, the standard ADC values in 
patients with triple-negative cancer at first follow-up dif-
fered between the pCR and non-pCR groups. The stand-
ard ADC values in patients with triple-negative cancer in 
the pCR group were significantly higher than that in the 
non-pCR group, although the difference was not statisti-
cally significant (P > 0.05).

Lastly, previous studies have reported that the TIC 
curve of breast lesions can reflect the micro-vessel den-
sity of tissue and vascular permeability, which are valu-
able for the diagnosis of benign and malignant breast 
lesions [29, 30]. In recent years, studies have found 
that changes in the TIC curve type can correlate with 
the prognosis of neoadjuvant chemotherapy in breast 
cancer patients [31, 32]. However, in our analysis of 50 
patients before and after neoadjuvant chemotherapy, 

we found no difference in the TIC curve type between 
the pCR and non-pCR groups. Only 5 of 12 pCR 
patients showed efflux-influx-influx type.

Conclusions
This study aimed to investigate the clinicopathologi-
cal features and MRI parameters of 50 breast cancer 
patients who received neoadjuvant chemotherapy. Our 
analysis showed that the clinical stage at baseline and 
changes in standard ADC values were closely related to 
the effects of neoadjuvant chemotherapy. The standard 
ADC values may change before any reduction in tumor 
size, thus predicting the neoadjuvant effects before 
imaging evaluation.

Abbreviations
pCR: Pathologic complete response; CI: Confidence interval; ADC: Apparent 
diffusion coefficient; ROC: Receiver operating characteristic; AUC : Area under 
the ROC curve; DCE: Dynamic contrast enhanced; DWI: Diffusion-weighted 
imaging.

Fig. 6 MRI images of a 51-year-old woman with invasive breast cancer who showed non-pCR after completing neoadjuvant chemotherapy (four 
cycles EC-T). a–d From top to bottom, the images show the vibrant enhancement sequence, IVIM DWI, and ADC map, respectively. The ROI area 
of the DWI images is marked by a red circle. At baseline, first follow-up, second follow-up, and preoperatively, the tumor volume (white arrow) 
was 2.40, 2.10, 2.08, and 2.09  cm2, respectively, and the standard ADC value was 1.21 ×  10−3, 1.18 ×  10−3, 1.20 ×  10−3, and 1.22 ×  10−3  mm2/s, 
respectively
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Additional file 1: Figure S1. Different MRI sequences for patients in the 
pCR and non-pCR groups. From top to bottom, the images show the 
3DFSPGR dynamic enhancement sequence and TIC curve, respectively, at 
baseline, first follow-up, second follow-up, and preoperatively. The tumor 
is marked by a white arrow and the ROI area of the MRI is marked by a red 
circle. (A–B) MRI images of a 58-year-old woman with invasive breast can-
cer who showed pCR after completing neoadjuvant chemotherapy (eight 
cycles AC-TH). From top to bottom, the TIC type was efflux, influx, influx, 
and influx, respectively. (C–D) MRI images of a 45-year-old woman with 
invasive breast cancer who showed non-pCR after completing neoadju-
vant chemotherapy (eight cycles EC-TH). From top to bottom, the TIC type 
was efflux, efflux, efflux, and influx, respectively.
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