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Comparative analysis of the diagnostic value of dynamic contrast-
enhanced magnetic resonance imaging kinetic heterogeneity and 
apparent diffusion coefficient for grading invasive breast cancer

PURPOSE
To quantitatively compare the diagnostic value of dynamic contrast-enhanced (DCE) magnetic res-
onance imaging (MRI) kinetic heterogeneity and conventional diffusion-weighted imaging (DWI) 
for the extent of breast cancer infiltration. 

METHODS
This study employed a retrospective analysis of DCE-MRI data of patients with invasive breast can-
cer (IBC) diagnosed by pathology in our hospital between January 2023 and February 2025. The aim 
was to obtain quantitative measures of kinetic heterogeneity and apparent diffusion coefficients 
(ADCs) from DWI, and to extract the six main parameters for lesion heterogeneity analysis from 
preoperative MRI data using MATLAB, SPM12, and R 4.4.1. The parameters included peak, enhance-
ment volume, persistent fraction, plateau, washout, and heterogeneity. The diagnostic efficacy of 
DCE-MRI, conventional DWI, and their combination on the extent of IBC infiltration was compared 
by analyzing the receiver operating characteristic curves, sensitivities, specificities, and correlations 
among the parameters.

RESULTS
The high-grade group exhibited significantly higher peak, plateau, washout, and heterogeneity 
values, along with lower persistent and ADC values, compared with the low-grade group (all P < 
0.001); tumor volume did not differ between groups (P = 0.314). ADC and persistent fractions were 
negatively correlated with pathological grade, whereas peak, plateau, washout, and heterogeneity 
were positively correlated. Receiver operating characteristic analysis showed that heterogeneity 
achieved a significantly higher area under the curve (AUC) than ADC [0.910, 95% confidence inter-
val (CI): 0.857–0.948 vs. 0.808, 95% CI: 0.741–0.863; DeLong Z = 2.626, P = 0.009]. The AUC for the 
combined model of heterogeneity, peak value, and ADC was 0.969 (95% CI: 0.946–0.992), with a 
sensitivity of 95.5% and a specificity of 89.2%.

CONCLUSION
DCE-MRI combined with DWI has significant diagnostic value in identifying the extent of IBC infil-
tration.

CLINICAL SIGNIFICANCE
DCE-MRI kinetic heterogeneity combined with DWI enables noninvasive discrimination of the ex-
tent of IBC infiltration before surgery, facilitating personalized systemic therapy and nodal evalua-
tion while avoiding overtreatment in patients at low risk. Computer-aided, whole-tumor heteroge-
neity analysis replaces limited region-of-interest sampling, significantly improving both efficiency 
and accuracy of IBC grading. Integration of kinetic heterogeneity plus diffusion parameters pro-
vides a panoramic view of tumor size, location, and perilesional relationships, empowering multi-
disciplinary teams to rapidly individualize surgical and adjuvant treatment strategies.
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Invasive breast cancer (IBC) accounts for 
70%–80%1 of breast cancers and poses an 
elevated recurrence risk due to stromal/

vascular infiltration.2 Accurate preoperative 
grading is essential for personalized thera-
py.3 However, core biopsy—the reference 
standard—is invasive and limited by sam-
pling error and inter-observer variability.4,5 
Multiparametric magnetic resonance imag-
ing (MRI) offers a non-invasive alternative. 
Diffusion-weighted imaging (DWI) quantifies 
cellularity via apparent diffusion coefficient 

(ADC) values,6 whereas dynamic contrast-en-
hanced MRI (DCE-MRI) extracts quantitative 
parameters based on the pharmacokinetic 
model of the contrast agent to reveal the 
perfusion and permeability characteristics 
of tumor microvessels.7 Although these tech-
niques reliably differentiate benign from ma-
lignant lesions,8,9 their further application to 
breast cancer grading remains limited. This 
is because most studies rely on manual, sin-
gle-layer region-of-interest (ROI) localization, 
thereby overlooking spatial heterogeneity.10 
Therefore, it is vital to systematically validate 
the value of DWI and DCE-MRI quantitative 
parameters in evaluating the degree of IBC 
infiltration across an entire tumor scale.

Computer-aided diagnosis (CAD) over-
comes this limitation by enabling voxel-wise 
quantification of entire tumors, capturing 
intratumoural heterogeneity from hemor-
rhage, necrosis, and microvascular varia-
tion.11-13 Previous studies have shown that a 
stronger washout effect and higher kinetic 
heterogeneity on DCE-MRI can effectively 
distinguish benign from malignant breast le-
sions, reflecting increased angiogenesis and 
the degree of vascular leakage within the 
tumor.14 Additionally, the CAD system auto-
matically detects lesions, thereby reducing 
interpretation time and substantially low-
ering the false-positive rate below specific 
thresholds.15 Building on these observations, 
the present study compares whole-tumor 

ADC and DCE-MRI quantitative parameters in 
terms of low- and high-grade IBC, evaluating 
their diagnostic efficacy.

Methods

Patients

This retrospective study analyzed clinical 
and imaging data from patients with breast 
cancer admitted to Northern Jiangsu Peo-
ple’s Hospital between January 2023 and 
February 2025. A total of 203 patients were 
included (Figure 1). The inclusion criteria 
were as follows: 1) complete MRI data, in-
cluding DWI and DCE-MRI; 2) postoperative 
pathological confirmation of IBC with de-
fined invasive grade; and 3) no prior history 
of breast cancer surgery, neoadjuvant che-
motherapy, or related interventions docu-
mented before the imaging examination. 
The exclusion criteria included 1) poor MRI 
image quality (e.g., significant artifacts), 2) 
non-lump cases and other types of breast 
malignancies, 3) factors impeding accurate 
image interpretation (including location in 
special anatomical sites, indistinct lesion 
boundaries, and lesion size < 5 mm), and 
4) pregnancy. The grade of IBC infiltration 
was classified according to the Nottingham 
Combined Histological Grading system,16 an 
amended version of the Schaff-Blum-Rich-
ardson system. IBC was classified into three 
grades based on ductal formation, nuclear 

Main points

•	 High-grade invasive breast cancer (IBC) ex-
hibited significantly higher peak, plateau, 
washout, and heterogeneity values than 
low-grade IBC. Conversely, high-grade IBC 
demonstrated lower persistent fraction and 
apparent diffusion coefficient values, with 
no discernible difference in volume values 
between the two groups.

•	 Apparent diffusion coefficient, persistent 
fraction, and IBC grading exhibited a nega-
tive correlation. Peak, plateau, washout, and 
heterogeneity demonstrated a positive cor-
relation with IBC grading. However, no sig-
nificant correlation was observed between 
enhancement volume and IBC grading.

•	 Dynamic contrast-enhanced magnetic res-
onance imaging kinetic heterogeneity com-
bined with diffusion-weighted imaging has 
significant diagnostic value in identifying 
the extent of IBC infiltration.

Figure 1. Flowchart showing the patient recruitment process. MRI, magnetic resonance imaging; IBC, invasive breast cancer.
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pleomorphism, and mitotic count. According 
to prior studies, Grades I and II are grouped 
as low-grade IBC, and Grade III as high-grade 
IBC.17 Immunohistochemistry (IHC) was per-
formed using the streptavidin–biotin meth-
od to detect estrogen receptor (ER), pro-
gesterone receptor (PR), human epidermal 
growth factor receptor 2 (HER2), and Ki-67 
proliferation. HER2 expression status was 
further confirmed via fluorescence in situ hy-
bridization (FISH). If the HER2 IHC result is 3+, 
it is classified as HER2-positive; if the result is 
1+ or 0, it is classified as HER2-negative; if the 
result is 2+, FISH testing is required to deter-
mine the HER2 status.18 ER and PR positivity is 
defined as ≥ 1% of tumor cell nuclei showing 
positive staining. The Ki-67 index is catego-
rized as low proliferation (< 14%) or high pro-
liferation (≥ 14%) based on a cut-off of 14%.19 
This study was approved by the Review Com-
mittee of Northern Jiangsu People’s Hospital 
(approval number: 2024ky379, date: Decem-
ber 24, 2024). Informed consent was waived 
due to the study’s retrospective design.

Imaging acquisition

This study utilized the GE Healthcare Dis-
covery MR750W 3.0 T (GE Healthcare, Chica-
go, IL, USA) MRI system for scanning. Patients 
were placed in the prone position, with both 
breasts naturally suspended within a dedi-
cated eight-channel breast phased-array coil. 
The scan coverage included both breasts, 
the anterior chest wall, and the axillary re-
gions. The imaging protocol commenced 
with a localization sequence, followed by 
axial fat-suppressed T2-weighted turbo 
spin-echo (TSE) imaging. DCE-MRI images 
were acquired using a three-dimensional 
T1-weighted fast gradient echo (LAVA/FLEX) 
sequence, comprising one pre-contrast and 
five post-contrast images. Following the 
pre-contrast acquisition, gadolinium dieth-
yltripropionate (Omniscan, GE Healthcare) 
was bolus-injected at a flow rate of 2.5 mL/s 
via the antecubital vein using a high-pres-
sure syringe, at a dose of 0.1 mmol/kg body 
weight. This was immediately followed by 
a 20-mL saline flush at the same flow rate. 
Following scan completion, images were 
uploaded to the GE Advantage Workstation 
for routine time-intensity curve (TIC) plotting 
of lesions. Prior to DCE-MRI, axial fat-sup-
pressed single-shot echo-planar (SS-EPI) DWI 
was performed. Diffusion gradients were 
sequentially applied in three orthogonal 
directions, with an acquisition time of 222 
s and b values of 0 and 1,000 s/mm2. All se-
quences were acquired axially. Conventional 
T1-weighted imaging (WI) employed a TSE 

readout, with repetition time (TR): 4.4 ms, 
echo time (TE): 2.1 ms, flip angle: 15°, field 
of view (FOV): 320 × 320 mm2, phase matrix: 
320 × 320, and slice thickness: 1.3 mm. DCE 
T1-WI used an identical TSE readout, with TR: 
5.9 ms, TE: 1.1 ms, flip angle: 15°, FOV: 320 × 
320 mm2, phase matrix: 240 × 240, and slice 
thickness: 1.3 mm. Fat-suppressed T2-WI was 
acquired using TR: 4,619 ms, TE: 85 ms, flip 
angle: 15°, FOV: 320 × 320 mm2, phase ma-
trix: 224 × 320, and slice thickness: 4 mm. 
DWI used an SS-EPI sequence in an oblique 
plane, with TR: 2,859 ms, TE: 88.5 ms, FOV: 
320 × 320 mm2, phase matrix: 128 × 128, and 
slice thickness: 10 mm.

Image analysis

The DCE-MRI processing workflow was 
as follows. First, motion correction was per-
formed on all phases of the DCE-MRI images 
using SPM 12 software, with the criteria that 
translational and rotational motion were < 1 
mm and < 5°, respectively. The corrected im-
ages were then imported into ITK-SNAP soft-
ware (version 3.8.0). Two radiologists (with 5 
and 10 years of breast MRI experience, respec-
tively) manually delineated the volume of 
interest (VOI) on second-phase DCE-MRI im-
ages acquired within 120 s of contrast agent 
injection to maximize lesion-background 
contrast and enhance delineation consisten-
cy.20,21 Finally, MATLAB (version 2021a) was 
used to extract DCE parameters within the 
VOI. The parameters included peak, which 
is the maximum enhancement ratio (MER) 
within the tumor between the early peak en-
hancement phase (120 s post-contrast injec-
tion) and the pre-enhanced image. The MER 
calculation formula is as follows:22

 ,

where Sbaseline​ = mean signal intensity of 
the first two pre-contrast phases, and Speak​ 
= maximum post-contrast signal intensity 
per voxel at 120 s.

Further parameters included the follow-
ing. Enhancement volume, defined as the 
volume fraction of voxels within the tumor 
showing over 50% enhancement in the ear-
ly peak enhancement phase compared with 
the pre-enhanced image. Persistent fraction, 
defined in terms of a > 10%-increase in vox-
el volume in the final phase compared with 
the early peak enhancement phase in terms 
of signal intensity. Plateau proportion, where 
the increase or decrease in the signal inten-
sity ratio between the final phase and the 
early peak enhancement phase does not 
exceed 10% in the voxel volume. Washout 

proportion, defined as a decrease in voxel 
volume by more than 10% in the final phase 
compared with the early peak enhancement 
phase in terms of signal intensity. Heteroge-
neity, which is a measure of tumor hetero-
geneity based on the proportion of voxels 
exhibiting washout, plateau, or sustained en-
hancement. The formula for the calculation 
of heterogeneity is as follows:23 

where Pi is the frequency of observations 
of each variable and k is the number of ki-
netic-class categories; here k: 3 (washout, 
plateau, persistent). The index ranges from 
0 to 1, with higher values indicating greater 
heterogeneity.24

The DWI processing workflow was as fol-
lows: DWI data were converted to NIfTI for-
mat using MRIcron (https://www.nitrc.org/
projects/mricron), then processed using the 
NeuDiLab software developed based on 
DIPY (https://dipy.org/). For conventional 
DWI, the quantitative metric ADC is generat-
ed via single-exponent fitting using the fol-
lowing formula:25

S(b) / S(0) = exp (−b ⋅ADC),

where S(0) and S(b) represent the signal 
intensity of water molecule motion in the 
absence and presence of diffusion, respec-
tively; b is the diffusion-sensitization factor 
determining the degree of diffusion weight-
ing in signal intensity. To measure diffusion 
metrics, the VOI defined on DCE-MRI was 
used as a reference. This VOI was placed on 
the quantitative map of conventional DWI 
(i.e., ADC), positioned along the tumor mar-
gin with the largest dimension, and excluded 
adjacent normal breast and fatty tissue.

Statistical analysis

All statistical analyses were performed us-
ing SPSS 25.0 (IBM Corp., Armonk, NY, USA), 
MedCalc 19.6 (MedCalc Software, Ostend, 
Belgium) and R 4.4.1 software (R Foundation 
for Statistical Computing, Vienna, Austria). In-
ter-reader reproducibility for continuous pa-
rameters was quantified using the intraclass 
correlation coefficient (ICC), with values > 
0.75 indicating excellent agreement. Normal-
ity was first examined using the Shapiro–Wilk 
test. Continuous variables were expressed as 
mean ± standard deviation if normally dis-
tributed, and compared using the indepen-
dent-sample t-test; otherwise, they were ex-
pressed as median (interquartile range) and 
compared using the Mann–Whitney U test. 
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To compare the distributions of categori-
cal variables between two groups, the chi-
square (χ2) test was used. When data in the 
contingency table were sparse—specifically, 
when more than 20% of expected cell counts 
were < 5 or any expected count was < 1—
the Fisher–Freeman–Halton test (i.e., Fisher’s 
exact test for R × C contingency tables) was 
used to obtain more reliable and precise P val-
ues. Univariate logistic regression was used 
to select initial parameters. Subsequently, a 
forward stepwise multivariable logistic re-
gression analysis was performed on param-
eters with P < 0.05 to identify the simplest, 
clinically significant model for distinguishing 
low-grade from high-grade IBC. The optimal 
probability threshold for the combined diag-
nostic model was determined by maximizing 
Youden’s index (J = Sensitivity + Specificity 
− 1) on the receiver operating characteristic 
(ROC) curve. To assess the risk of overfitting, 
stratified bootstrap resampling was used to 
assess area under the curve (AUC) sampling 
fluctuations, and the validated average AUC 
and its 95% confidence interval (CI) were cal-
culated. The calibration curve was used to 
evaluate the consistency between the mod-
el’s predicted and observed probabilities. 
Correlation analyses were performed using 
Pearson’s r for normally distributed continu-
ous variables and Spearman’s ρ for non-nor-
mally distributed data. Two-tailed P values < 
0.05 were considered statistically significant.

Results
A total of 203 patients with pathologi-

cally confirmed IBC were included (Table 1). 
Among them, 93 patients (45.8%) were clas-
sified as low grade (Grade I, n = 6; Grade II, 
n = 87), and 110 (54.2%) as high grade. No 
significant difference was observed in the 
maximum tumor diameter (29.7 ± 23.0 vs. 
24.4 ± 13.8 mm; P = 0.585) or PR expression 
between the low-grade and high-grade 
groups, whereas statistically significant dif-
ferences were noted in ER and HER2 expres-
sion, and Ki-67 proliferation index (P < 0.05). 
TICs differed significantly between groups (P 
= 0.010): type III curves were more frequent 
in high-grade IBC (73.6% vs. 53.8%), whereas 
type I curves predominated in low-grade le-
sions (7.5% vs. 2.7%). The mean age was sim-
ilar between the low-grade and high-grade 
groups (53 ± 10 vs. 55 ± 11 years, P = 0.053). 

Inter-reader agreement for all quanti-
tative metrics was excellent (ICC > 0.75, P < 
0.05) (Table 2). High-grade IBC exhibited sig-
nificantly higher peak enhancement (17.486 
± 23.881 vs. 7.025 ± 5.924, P < 0.001), plateau 
fraction (0.318 ± 0.182 vs. 0.137 ± 0.118, P < 

0.001), washout fraction (0.210 ± 0.170 vs. 
0.105 ± 0.146, P = 0.007), and kinetic het-
erogeneity (0.908 ± 0.191 vs. 0.493 ± 0.239, 
P < 0.001) than low-grade tumors (Table 1, 
Figure 2). Conversely, the persistent fraction 
(0.493 ± 0.239 vs. 0.729 ± 0.251, P < 0.001) 
and ADC value (0.770 ± 0.161 vs. 1.010 ± 
0.221 × 10-3 mm2/s, P < 0.001) were signifi-
cantly lower in high-grade lesions. No be-

tween-group difference in lesion volume was 
observed (P = 0.314). Univariable logistic re-
gression identified peak, persistent, plateau, 
washout, and heterogeneity as significant 
predictors of grading IBC (P < 0.05) (Table 
3). These variables were subsequently en-
tered into a forward stepwise multivariable 
logistic regression analysis. The final model 
identified kinetic heterogeneity [odds ratio 

Table 1. General data characteristics, DCE-MRI kinetic analysis of each parameter and ADC 
values of patients with low-grade IBC vs. high-grade IBC

Low-grade IBC 
(n = 93)

High-grade IBC 
(n = 110)

P

Age 53 ± 10 55 ± 11 0.053

Tumor length diameter (mm) 29.68 ± 22.99 24.41 ± 13.78 0.585

ER

+ 67 48
< 0.001

− 26 62

PR

+ 55 53
0.116

− 38 57

HER2

+ 76 39
< 0.001

− 17 71

Ki-67

>14% 46 72 0.018

≤14% 47 38

TIC

I 7 (7.53%) 3 (2.73%)

0.010II 36 (38.71%) 26 (23.64%)

III 50 (53.76%) 81 (73.63%)

Peak 7.025 ± 5.924 17.486 ± 23.881 < 0.001

Volume 2,455.591 ± 5,343.670 4,852.045 ± 24,164.594 0.314

Persistent 0.729 ± 0.251 0.493 ± 0.239 < 0.001

Plateau 0.137 ± 0.118 0.318 ± 0.182 < 0.001

Washout 0.105 ± 0.146 0.210 ± 0.170 0.007

Heterogeneity 0.493 ± 0.239 0.908 ± 0.191 < 0.001

ADC 1.010 ± 0.221 0.770 ± 0.161 < 0.001

IBC, invasive breast cancer; ADC, apparent diffusion coefficient; TIC, time-intensity curve; HER2, human epidermal 
growth factor receptor 2; ER, estrogen receptor; PR, progesterone receptor; DCE, dynamic contrast-enhanced; MRI, 
magnetic resonance imaging.

Table 2. ICC values for each parameter of DCE-MRI kinetic analysis and ADC values between 
two observers

Parameters Two observer ICC values P

Heterogeneity 0.957 (0.935–0.971) < 0.001

ADC 0.901 (0.883–0.926) < 0.001

Peak 0.978 (0.928–0.968) < 0.001

Volume 0.902 (0.837–0.928) < 0.001

Persistent 0.912 (0.849–0.935) < 0.001

Plateau 0.900 (0.835–0.925) < 0.001

Washout 0.961 (0.930–0.970) < 0.001

ADC, apparent diffusion coefficient; ICC, intraclass correlation coefficient; DCE, dynamic contrast-enhanced; MRI, 
magnetic resonance imaging.
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(OR): 2.500; 95% CI: 1.848–3.373; P < 0.001] 
and peak (OR: 1.130; 95% CI: 1.026–1.244; P 
= 0.012) as independent positive predictors 
of high-grade IBC, whereas ADC was an inde-
pendent negative predictor (OR: 0.318; 95% 
CI: 0.198–0.514; P < 0.001) (Figure 3). 

The ROC analysis demonstrated good 
discriminatory power for all quantitative 
metrics (Figure 4). The AUC values were as 
follows: peak: 0.680 (95% CI: 0.611–0.744), 
persistent: 0.765 (95% CI: 0.700–0.821), pla-
teau: 0.806 (95% CI: 0.744–0.858), washout: 
0.717 (95% CI: 0.650–0.778), heterogeneity 
0.914 (95% CI: 0.866–0.949), and ADC 0.819 
(95% CI: 0.758–0.869) (Table 4). Correspond-
ing sensitivities were 55.5%, 69.0%, 65.3%, 
64.5%, 86.4%, and 90.3%, with specificities 
of 78.5%, 79.0%, 87.3%, 74.2%, 84.9%, and 
53.6%, respectively. The combined model 
incorporating heterogeneity, peak, and ADC 
achieved a sensitivity of 95.5% and a specific-
ity of 89.2% at the optimal threshold of 0.346. 
DeLong testing revealed that heterogeneity 
achieved a significantly higher AUC than 
ADC (0.914 vs. 0.819; P = 0.009). In evaluat-
ing the generalization ability and overfitting 
risk of the combined heterogeneity, peak, 
and ADC comprehensive diagnostic model, 
the average AUC obtained through stratified 
bootstrap resampling was 0.969 (95% CI: 
0.933–0.985), which was significantly better 
than that of any single parameter. The cali-
bration curve was plotted based on the final 
model (Figure 5). The predicted probabilities 
for each risk group were generally close to 
the ideal 45° reference line in the overall dis-
tribution, indicating acceptable calibration 
performance.

Correlation analyses were summarized 
and visualized using a heat map of Pearson 
coefficients (Figure 6). ADC and persistent 
fraction were negatively correlated with 
histological grade (r: −0.533, P < 0.001 and 
r: −0.414, P < 0.001, respectively), whereas 
peak, plateau, washout, and heterogeneity 
showed positive correlations (r: 0.279, P < 
0.001; r: 0.505, P < 0.001; r: 0.314, P < 0.001; 
and r: 0.695, P < 0.001). No significant asso-
ciation was observed between enhancement 
volume and grade (r: 0.066, P = 0.350). Het-
erogeneity possessed the strongest correla-
tion with invasive status, and the combina-
tion of heterogeneity plus ADC yielded the 
highest diagnostic performance.

Discussion
This study demonstrated that high-grade 

IBC is characterized by significantly higher 
peak, plateau, and washout ratios on DCE-

MRI, as well as greater heterogeneity, along-
side lower persistent fraction ratios and ADC 
values. The combined diagnostic model in-
corporating heterogeneity, peak, and ADC 
achieved an AUC of 0.969, which was signifi-

cantly superior to that of any single param-
eter. These findings indicate that combin-
ing DCE-MRI with DWI enables quantitative 
assessment of IBC grading. This approach 
can provide objective evidence to support 

Table 3. Univariable and multivariable logistic regression analyses of the relationship 
between low-grade and high-grade IBCs

Parameters Unit 
change

Univariable Multivariable

OR 95%Cl P OR 95% Cl P

ADC 0.1 0.427 0.328–1.000 < 0.001 0.318 0.198–0.514 < 0.001

Heterogeneity 0.1 2.365 1.883–2.971 < 0.001 2.500 1.848–3.373 < 0.001

Peak 1 1.087 1.041–1.135 < 0.001 1.130 1.026–1.244 0.012

Persistent 1 0.035 0.011–0.116 < 0.001

Plateau 1 4,615.207 369.461–
57,651.9451 < 0.001

Washout 1 113.895 12.249–1,058.998 < 0.001

ADC, apparent diffusion coefficient; OR, odds ratio; CI, confidence interval; IBC, invasive breast cancer.

Figure 2. Violin graphs showing the differences in dynamic contrast-enhanced magnetic resonance imaging 
kinetic parameters and apparent diffusion coefficient values between low-grade and high-grade invasive 
breast cancer. IBC, invasive breast cancer.

Figure 3. A 46-year-old female with a malignant tumor (high-grade IBC). BI-RADS:5. Dynamic contrast-
enhanced kinetic analysis plot (a and b), peak: 5.983, persistent: 0.430, plateau: 0.312, washout: 0.257, and 
heterogeneity: 1.075. The blue, green, and red denote persistent, plateau, and washout, respectively. IBC, 
invasive breast cancer.

a b
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precise histological grading and guide indi-
vidualized treatment planning and axillary 
management, thereby helping to avoid over-
treatment in patients at low risk.

In agreement with the report by Li et al.,26 
which found that high-grade lesions exhibit 
elevated quantitative parameters, we ob-
served significantly greater kinetic hetero-
geneity in high-grade IBC than in low-grade 
tumors (0.908 ± 0.191 vs. 0.493 ± 0.239, P < 
0.001). Breast cancer heterogeneity is usu-
ally accompanied by regional hypoxia and 
microvascular abnormalities, including dis-
organized vessel architecture and increased 
permeability. We therefore postulated that 
greater kinetic heterogeneity reflects a more 
complex vascular network and more pro-
nounced histopathological heterogeneity 
within the tumor microenvironment. Previ-
ous studies have demonstrated that tumor 
infiltration extent is associated with tumor 
cell growth rate, invasiveness to surround-
ing tissues, drug sensitivity, and treatment 
outcomes. Therefore, preoperative grading is 
of considerable importance in guiding treat-
ment planning.27 Conversely, ADC values 
were significantly lower in high-grade IBC 
than in the low-grade group (0.770 ± 0.161 
vs. 1.010 ± 0.221 × 10-3 mm2/s, P < 0.001) and 
showed a strong inverse correlation with in-
vasive grade (r: −0.533, P < 0.001), which is in 
agreement with the findings of Mori et al.28 
This difference is likely attributable to the 
characteristic pathological features of high-
grade tumors, such as marked nuclear pleo-
morphism, a high mitotic index, and densely 
packed tumor cells. Spearman correlation 
analysis further revealed that both ADC and 
persistent fraction were negatively correlat-
ed with histological grade (r: −0.533 and r: 
−0.414, respectively; P < 0.001). This indicates 
that increased cellular density and reduced 
sustained perfusion are associated with 
greater aggressiveness. In contrast, peak, 
plateau, washout, and heterogeneity were 
positively correlated with grade (r: 0.279, 

0.505, 0.314, and 0.695, respectively; all 
P < 0.001), suggesting that greater perfusion 
heterogeneity and washout are indicative of 
higher malignant potential. In this study, the 

persistent, plateau, and washout parameters 
were represented by blue, green, and red, re-
spectively. Compared with histogram analy-
sis, which captures overall heterogeneity but 

Figure 4. Receiver operating characteristic curve analysis for invasive breast cancer grade identification 
yielded an area under the curve of 0.910 (95% CI: 0.857–0.948) for heterogeneity, 0.808 (95% CI: 0.741–
0.863) for apparent diffusion coefficient, and 0.969 (95% CI: 0.927–0.984) for the combined diagnostic 
model, demonstrating the superior discriminative performance of the combined model in assessing breast 
cancer invasiveness. ADC, apparent diffusion coefficient; CI, confidence interval.

Table 4. Comparison of the diagnostic efficacy of DCE-MRI kinetic analysis of each parameter and ADC values between low-grade and high-
grade IBCs

Parameters AUC 95% CI Sensitivity Specificity Cut-off value Youden index

ADC 0.819 0.758–0.869 90.30% 53.60% 0.735 0.525

Heterogeneity 0.914 0.866–0.949 86.40% 84.90% 0.709 0.713

Peak 0.68 0.611–0.744 55.50% 78.50% 10.322 0.340

Persistent 0.765 0.700–0.821 69.00% 79.00% 0.721 0.499

Plateau 0.806 0.744–0.858 65.30% 87.30% 0.263 0.524

Washout 0.717 0.650–0.778 64.50% 74.20% 0.122 0.387

Combined diagnostic model 0.969 0.946–0.992 95.50% 89.20% 0.346 0.847

ADC, apparent diffusion coefficient; AUC, area under the curve; CI, confidence interval; DCE, dynamic contrast-enhanced; MRI, magnetic resonance imaging; IBC, invasive breast 
cancer.

Figure 5. Calibration plot of the final multivariable model. The plot shows that the predicted probabilities 
across risk groups were generally close to the ideal 45° line, indicating acceptable calibration performance.
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loses spatial information, the core advantage 
of our model lies in preserving the spatial 
distribution map of heterogeneity. This en-
ables us to identify and localize specific sub-
regions within tumors that may represent 
the highest invasive potential or potential 
therapeutic resistance, which holds potential 
significance for guiding targeted biopsy or 
localized dose-fractionation radiotherapy.

This study is consistent with previous re-
ports that combined DWI and DCE-MRI to im-
prove the estimation of pathological grade in 
breast cancer.29,30 The present study focused 
exclusively on invasive carcinoma of no spe-
cial type (NST), the most common histologi-
cal subtype, to eliminate biological heteroge-
neity among subtypes.31 DCE-MRI combined 
with DWI technology has been applied in 
the preoperative evaluation of breast cancer 
to assess tumor size and internal structure. 
DCE imaging can demonstrate the extent of 
tumor lesions, providing reliable references 
for surgical planning. However, it is import-
ant to note that approximately 10%–15% of 
all IBCs, specifically invasive lobular carcino-
mas (ILCs),32-36 exhibit delayed peak enhance-
ment and infrequent contrast washout on 
DCE-MRI,37 markedly differing from the rapid 
enhancement pattern seen in NST. The bio-
logical basis of ILC may relate to its diffuse 
growth pattern and reduced neovascular-
ization requirements, manifested by lower 
vascular endothelial growth factor levels and 
more mature, low-permeability tumor vas-
culature,38-40 resulting in overall weaker en-
hancement. Given the potential limitations 
of traditional assessment parameters for le-
sions with atypical enhancement patterns, 

the heterogeneity index used in this study 
quantifies voxel-level perfusion gradients 
to reflect spatial heterogeneity in microvas-
cular function. Theoretically less dependent 
on lesion enhancement intensity or sharp 
margins, this index is hypothesized to retain 
discriminatory potential for ILC, although 
its value requires further validation through 
subgroup analysis. Fan et al.41 constructed 
radiomic signatures from single-phase DCE-
MRI and ADC maps, achieving AUCs of 0.811 
and 0.816 for tumor grading, respectively; 
both values are significantly lower than the 
AUC of 0.969 obtained with the combined 
model of heterogeneity, peak, and ADC. A 
probable explanation is that static radiomics 
extracts thousands of features from a limited 
cohort, yielding features with questionable 
biological interpretability, whereas our kinet-
ic heterogeneity metric quantifies time-re-
solved hypoxia and microvascular abnor-
malities across all perfusion phases, thereby 
providing complementary information to ra-
diomics approaches. It should be noted that 
although this study demonstrates superior 
technical-level discriminative efficacy com-
pared with conventional methods and at-
tempts to provide biologically interpretable 
features, it remains within the scope of retro-
spective technical validation. Whether it can 
ultimately influence surgical decisions, assist 
in treatment selection, or improve patient 
outcomes requires validation in prospective 
clinical settings.

In the present study, high-grade IBC ex-
hibited a significantly higher peak than low-
grade tumors (17.486 ± 23.881 vs. 7.025 ± 
5.924, P < 0.001), a finding consistent with 

previous work,42 which demonstrated a 
strong association between greater peak 
enhancement and higher histological grade 
and advanced clinical stage. Peak enhance-
ment reflects the early increase in signal 
intensity after contrast injection and thus 
mirrors the concentration of contrast me-
dium in the intravascular and extravascular 
compartments.43 We therefore postulate 
that the elevated peak in high-grade lesions 
is closely linked to altered tumor microvas-
culature. In this study of low-grade IBC, we 
found that 53.8% of cases exhibited a type 
III TIC, whereas previous similar studies re-
ported approximately 34% of breast cancers 
presenting a type II TIC.44 Furthermore, ex-
isting research indicates that distinguishing 
benign from malignant breast lesions often 
requires reliance on the most suspicious TIC 
classification,45 suggesting that TIC gener-
ation is highly dependent on the ROI delin-
eated by the operator. If the ROI is not accu-
rately placed within the rapidly enhancing 
washout region, it may compromise the 
curve’s representativeness and thus inter-
fere with diagnostic judgment.46 Therefore, 
precise ROI localization is critical for the re-
liability of diagnostic accuracy. However, this 
study overcomes the errors associated with 
manual placement through whole-tumor 
quantitative analysis, with results indicating 
that the proportion of persistent IBC was 
significantly higher in low-grade IBC than 
in high-grade IBC (0.729 ± 0.251 vs. 0.493 ± 
0.239, P < 0.001), whereas the proportion of 
plateau-stage IBC was significantly lower in 
low-grade IBC than in high-grade IBC (0.137 
± 0.118 vs. 0.318 ± 0.182, P < 0.001). These 
findings indicate that high-grade IBC exhib-
its a marked reduction in persistent fraction 
and a corresponding increase in plateau. 
Consequently, the persistent and plateau 
parameters demonstrate potential utility in 
the graded diagnosis of IBC, offering crucial 
evidence for distinguishing low-grade from 
high-grade IBC. Research47 has suggested 
that plateau may reflect the distribution and 
proportion of invasive tumor cells within 
breast cancer, presenting novel insights for 
noninvasive diagnosis; however, further clin-
ical validation is required.

Immunohistochemical analysis in this 
study further revealed statistically signifi-
cant differences in HER2 expression status 
and Ki-67 proliferation index across different 
histological grades, consistent with previous 
findings.48,49 Prior studies have demonstrated 
that high Ki-67 proliferation correlates with 
aggressive growth and higher tumor grades 
in breast cancer, with tumor cell proliferation 

Figure 6. Heatmap of correlations among various parameters of dynamic contrast-enhanced magnetic 
resonance imaging kinetic analysis, apparent diffusion coefficient (ADC) values, and invasive breast cancer 
staging; ADC was negatively correlated with histological grade (r: −0.533, P < 0.001), whereas heterogeneity 
showed positive correlations (r: 0.695, P < 0.001).
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often exhibiting spatially heterogeneous dis-
tribution.50 Recent studies have utilized mul-
tiparametric MRI for noninvasive assessment 
of the biological characteristics of breast 
cancer.51,52 This suggests that integrating 
complementary imaging and pathological 
information is crucial for developing predic-
tive models that comprehensively interpret 
tumor heterogeneity, providing important 
insights for further refinement of this re-
search. Additionally, although some early 
studies have reported a correlation between 
tumor volume and histological grade,53 our 
analysis found no significant association be-
tween manually segmented tumor volume 
and grade (P = 0.314). This finding aligns with 
data from large-scale population studies. For 
example, in an analysis of 161,708 breast 
cancers from the SEER Program, Schwartz 
et al.54 found that tumor size accounted for 
< 10% of the variance in histological grade. 
Notably, 15%–20% of tumors smaller than 1 
cm were classified as Grade III, indicating that 
small lesions can be biologically aggressive. 
Similarly, Liu et al.16 reported no correlation 
between invasive tumor size and any DCE-
MRI perfusion parameter (all P > 0.05), and 
Schmitz et al.55 found no association be-
tween macroscopic diameter and micro-ves-
sel density on 3.0 T breast MRI. Collectively, 
these data suggest that invasive potential is 
driven more by intrinsic biological traits, such 
as angiogenic activity, cellular density, and 
genomic instability, than by physical tumor 
bulk. Furthermore, our volume segmenta-
tion deliberately excluded peritumoural ede-
ma, a methodological choice that may have 
reduced any incidental correlation between 
edema-rich large lesions and high-grade dis-
ease. Based on this evidence, we hypothesize 
that tumor size is not a determinant of angio-
genic factors or blood perfusion in IBC. 

Our study has several limitations. First, 
this was a single-center, exploratory study 
with a relatively small sample size. The mod-
el coefficients and calibration have not been 
verified in external cohorts, and the poten-
tial risk of overfitting cannot be completely 
ruled out. Second, this study was restricted 
to patients with NST lesions who had not 
received any breast cancer-related treat-
ment, which may limit the generalizability 
of kinetic parameters to other IBC subtypes 
and introduce selection bias. Future research 
will further evaluate the diagnostic effica-
cy of DCE-MRI and DWI in assessing the re-
sponse to neoadjuvant therapy. Third, tumor 
VOIs were manually delineated, introducing 
inter-observer variability. Artificial intelli-
gence-based auto-segmentation should 

be explored to improve reproducibility and 
efficiency. Finally, heterogeneity analysis 
was performed using MATLAB and SPM12; 
inter-institutional differences in acquisition 
protocols and software packages hinder fea-
ture harmonization. Future work should es-
tablish standardized imaging protocols and 
consensus analysis pipelines to enhance the 
clinical portability of kinetic biomarkers.

In conclusion, this study employed volu-
metric quantitative DCE-MRI enhancement 
classification technology to visualize and 
quantitatively analyze the kinetic heteroge-
neity within tumors. Combined with ADC 
values, the model’s diagnostic efficacy in 
evaluating IBC grades surpassed that of a 
single parameter. This provides a new and 
promising imaging biomarker for noninva-
sive assessment of tumor heterogeneity, 
although its exact clinical application value 
needs to be verified through subsequent 
prospective studies.
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