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Abstract
Background  This study aimed to visually analyze the heterogeneity of vascularity and cellularity across different 
sub-regions of breast cancer using habitat imaging (HI) to predict human epidermal growth factor receptor 2 (HER2) 
expression and evaluate the effectiveness of neoadjuvant therapy (NAT) in breast cancer patients.

Methods  A retrospective analysis was conducted on 76 patients diagnosed with breast cancer. Diffusion-weighted 
imaging (DWI) and dynamic contrast-enhanced MRI (DCE-MRI) sequences were utilized to acquire MR images. 
Apparent diffusion coefficient (ADC), Ktrans, Kep, and Ve values were measured for each sub-region, and the percentage 
of each sub-region relative to the total lesion was calculated. Statistical analyses, including t-tests, rank-sum tests, chi-
square tests, and Spearman correlation, were performed.

Results  Three distinct sub-regions within breast cancer lesions were identified through HI, characterized 
physiologically as: low vascularity–high cellularity (LV-HC), low vascularity–low cellularity (LV-LC), and high vascularity–
low cellularity (HV-LC). Significant differences were observed in the proportions of these tumor sub-regions between 
HER2-positive and HER2-negative breast cancers. Additionally, HER2-low and HER2-zero breast cancers demonstrated 
statistical differences in the second sub-region (LV-LC). Furthermore, the proportion of the first sub-region (LV-HC) was 
negatively correlated with the efficacy of NAT in breast cancer patients.

Conclusions  Habitat imaging can identify distinct sub-regions within breast cancer lesions, providing a noninvasive 
imaging biomarker for predicting HER2 expression levels and assessing the efficacy of NAT in breast cancer patients.
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Introduction
Breast cancer is not only the most prevalent malignancy 
worldwide, but also the leading cause of cancer-related 
death in women [1]. In fact, personalized medicine is 
crucial for improving the clinical outcomes of breast 
cancer patients [2–4]. However, the high degree of inter-
tumor and intra-tumor heterogeneity of breast cancer 
poses a major obstacle to the clinical implementation of 
individualized treatment [5, 6].

Inter-tumor heterogeneity refers to the existence of 
heterogeneity among tumors of the same histologi-
cal type, so breast cancer can be classified into different 
molecular types by immunohistochemistry (IHC) and 
fluorescence in situ hybridization (FISH) [7]. The first 
principle of molecular typing is to interpret the status 
of human epidermal growth factor receptor 2 (HER2), 
which is closely related to tumor angiogenesis and tumor 
cell proliferation [8]. In brief, HER2 is an important 
molecular marker in breast cancer. Based on the ampli-
fication of the HER2 gene and the level of HER2 protein 
expression, breast cancer is classified into HER2-positive 
and HER2-negative types. HER2-negative breast can-
cer is further divided into two groups: HER2-low and 
HER2-zero [9, 10]. The specific definitions are as follows: 
HER2-positive: Defined as IHC 3 + or IHC 2+/FISH+; 
HER2-low: Defined as IHC 1 + or IHC 2 + with FISH-; 
HER2-zero: Defined as IHC 0.

Breast cancer with different HER2 expression lev-
els shows heterogeneity in vascularity and cellularity 
[11, 12]. Traditionally, breast cancer was classified into 
HER2-positive and HER2-negative based on the HER2 
gene and its receptor. In recent years, the development 
of anti-HER2 antibody-drug conjugates has led to clinical 
trials that have unveiled the potential benefits of treat-
ing HER2-low breast cancer and derived a novel clinical 
therapeutic phenotype [13]. The heterogeneity within 
breast cancer tumors also poses significant challenges to 
individualized treatment, affecting patient’s response to 
neoadjuvant therapy (NAT) [14, 15]. Breast cancer is a 
complex ecosystem as it harbors variations in angiogen-
esis and tumor cell abundance in different regions under 
microenvironmental selection pressures. Particularly, 
inadequate local oxygen supply to the tumor can lead to 
the formation of a hypoxic environment that increases 
the tolerance of tumor cells to therapeutic drugs [16]. 
Therefore, the evaluation of vascularity and cellularity 
heterogeneity in inter- and intra-tumor regions of breast 
cancer is beneficial for predicting the HER2 expression 
levels and assessing the effectiveness of NAT, further to 
promote the development of personalized medicine.

Pathological diagnosis is the gold standard for assessing 
tumor heterogeneity [17, 18], but its invasiveness, sam-
pling limitations and sample dependence make it inca-
pable of adequately characterizing tumor heterogeneity. 

Magnetic resonance imaging (MRI) has the characteris-
tics of multi-direction, multi-parameter, high soft-tissue 
resolution and non-radiation, which can provide com-
prehensive diagnostic information on morphology, 
functionality, metabolism, and hemodynamics [19, 20]. 
In addition, habitat imaging (HI) achieved by clustering 
similar voxels in the multi-parameter images can fully 
and completely depict the biological characteristics of 
different regions within the tumor [21–24], allowing the 
tumor to be divided into different sub-regions. This sug-
gests that if these techniques are implemented in a clini-
cal setting, they have the potential to enhance clinicians’ 
assessment of heterogeneity within breast cancer tumors, 
thereby providing valuable insights into patients’ treat-
ment sensitivity.

In current clinical practice, the evaluation of HER2 
status relies on invasive histopathological techniques 
such as immunohistochemistry (IHC) and fluorescence 
in situ hybridization (FISH). These methods are limited 
by sampling bias and insufficient spatial representation, 
which may fail to capture the full extent of intra-tumor 
heterogeneity and potentially lead to HER2 misclassifica-
tion, thereby affecting treatment decisions. Moreover, in 
breast cancer patients undergoing neoadjuvant therapy 
(NAT), there is a lack of sensitive, accurate, and repro-
ducible imaging methods to predict treatment efficacy at 
an early stage. Traditional assessments based on tumor 
size changes are often delayed and may result in missed 
opportunities for timely treatment adjustment.

Given these limitations, MRI—particularly HI derived 
from multiparametric MRI—offers a promising non-
invasive approach for characterizing tumor heteroge-
neity in terms of vascularity and cellularity. HI has the 
potential to serve as an imaging biomarker for predicting 
HER2 expression and evaluating NAT response, thereby 
addressing key gaps in current clinical workflows and 
contributing to the advancement of personalized breast 
cancer management.

Hence, this study aimed to use multi-parameter MRI 
and HI to visually analyze the heterogeneity of vascular-
ity and cellularity in different habitat subregions of breast 
cancer, so as to predict the expression level of HER2 and 
the efficacy of NAT in breast cancer patients.

Methods
Study population
This retrospective study has been approved by the 
Institutional Review Board. Seventy-six patients were 
recruited from the Second Affiliated Hospital of Shan-
tou University Medical College (official website: ​h​t​t​p​s​:​/​
/​w​w​w​.​s​t​1​2​0​.​c​n​/​​​​​) between January 2017 and November 
2022. Patient characteristics were summarized in Table 1. 
Inclusion and exclusion criteria were shown in Fig. 1. A 
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brief description of the inclusion and exclusion criteria 
was provided as follows.

Inclusion criteria: (1) High-risk populations undergo-
ing breast MRI screening; (2) Suspected breast lesions 
detected through clinical palpation, mammography, and 
breast ultrasound; (3) No prior surgery, chemotherapy, 
endocrine therapy, radiotherapy, or other anti-tumor 
treatments before breast MRI examination.

Exclusion criteria: (1) Poor image quality due to motion 
artifacts; (2) MRI dynamic contrast-enhanced exami-
nation not performed due to contrast agent allergy; (3) 
Lack of pathological histology results; (4) Pathological 
confirmation of benign lesions after MRI; (5) Incom-
plete immunohistochemistry results; (6) MRI-related 
contraindications.

MR acquisition
In this study, patients were imaged using a 3.0 T scan-
ner (GE Medical System, Milwaukee, WI, USA) with a 
dedicated four-channel bilateral breast coil. The proto-
col parameters of diffusion weighted image (DWI) and 

dynamic contrast enhanced-MRI (DCE-MRI) were listed 
in Table  2. In detail, we utilized a 3.0T superconduct-
ing MRI scanner from GE Medical System (Milwaukee, 
WI, USA) along with a dedicated four-channel bilateral 
breast coil to collect all MRI data. During the examina-
tion, all patients were positioned in the prone position 
with both breasts naturally suspended within the breast 
coil, ensuring the chest wall was in close contact with the 
coil to avoid skin folds around the periphery. The scan-
ning sequences included DWI and DCE-MRI. For DCE-
MRI, the VIBRANT sequence was used, with 64-phase 
scanning settings. After five initial pre-scans, gadolin-
ium-based contrast agent (Gadoleric Acid Meglumine 
Salt Injection, Jiangsu, China) was intravenously injected 
using a high-pressure injector at a flow rate of 2 ml/s and 
a dosage of 0.2 ml/kg, with continuous scanning during 
the remaining phases. DWI was performed using the 
postprocess software Functool 9 of GE MR imager, yield-
ing apparent diffusion coefficient (ADC) maps. Based 
on the standard map and the improved Tofts model, the 
function diagrams of volume transfer constant (Ktrans), 
flux rate constant (Kep) and extracellular volume fraction 
(Ve) of the whole breast lesion were obtained.

In practice, DCE sequences can calculate and analyze 
quantitative parameters such as the Ktrans, Kep, and Ve 
using the two-compartment Tofts model. Ktrans reflects 
the rate at which the contrast agent moves from the vas-
cular space into the extravascular extracellular space, Kep 
reflects the rate at which the contrast agent moves back 
from the extravascular extracellular space to the plasma, 
and Ve reflects the fraction of the total volume occupied 
by the extravascular-extracellular tissue space in the unit 
volume.

In this study, we employed DWI and DCE-MRI to 
assess tumor vascularity and cellularity. However, these 
imaging techniques do have certain technical limita-
tions. First, although we minimized motion artifacts 
using respiratory training and fast imaging sequences, 
slight patient movement may still affect image quality. To 
minimize the impact of motion artifacts on our results, 
we conducted strict quality control of all images and 
excluded any data with significant motion artifacts or 
poor image quality. Second, partial volume effects could 
affect the ADC values of small lesions (diameter < 1 cm), 
potentially leading to underestimation of their true val-
ues. In our data analysis, we excluded these small lesions 
to ensure that the tumors selected for analysis were of 
sufficient size to minimize the impact of partial volume 
effects.

Image analysis and segmentation
All data analysis and segmentation were independently 
conducted by three experienced radiologists. Using 
3D-slicer 5.0.3 software, tumor regions-of-interest (ROI) 

Table 1  Summary of demographic and clinical data from the 
study cohorts
Parameter the Study 

Cohorts(n = 76)
Age
  Median* 51(33–74)
Estrogen receptor
  Positive 50(66)
  Negative 26(34)
Progesterone receptor
  Positive 38(50)
  Negative 38(50)
Human epidermal growth factor receptor type 2
  Positive 24(32)
  Negative 52(68)
  Low 33(63)
  Zero 19(37)
Histologic
  Invasive ductal carcinoma 61(80)
  Invasive lobular carcinoma 4(5)
  Other 11(15)
Pathologic grade
  1 4(5)
  2 41(54)
  3 24(32)
  Unknown 7(9)
Lymph node metastasis
  Yes 41(54)
  No 29(38)
  Unknown 6(8)
Note. Unless otherwise indicated, data are numbers of patients, with 
percentages in parentheses

*Numbers in parentheses are the range
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were manually delineated around the tumor boundary for 
all slices that contain the tumor based on the last phase of 
DCE to generate volume of interest (VOI). The VOI was 
manually registered with ADC, Ktrans, Kep and Ve maps. 
In detail, the DICOM files of the DWI sequence, DCE 
sequence, and the corresponding ADC, Ktrans, Kep, and 
Ve pseudocolor maps derived from them for all enrolled 
patients were imported into 3D-Slicer software. First, the 
ROI of the breast cancer lesions was manually delineated 
slice by slice on the last phase of the DCE-MRI sequence 

to form the VOI. Finally, using the last phase of the DCE-
MRI sequence as the reference, the manually delineated 
VOI was registered with the ADC, Ktrans, Kep, and Ve 
pseudocolor maps. Image analysis and segmentation 
were shown in Fig. 2.

Discovery of tumor habitat
In this study, the fuzzy c-means (FCM) [25–28] that 
implemented in MATLAB software (​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​a​t​h​​
w​o​r​​k​s​.​c​​o​m​​/​h​e​​l​p​/​​f​u​z​z​​y​/​​f​u​z​​z​y​-​​c​l​u​s​​t​e​​r​i​n​g​.​h​t​m​l) was used 
to cluster all lesions VOIs based on the voxel matrix 
established by ADC, Ktrans, Kep and Ve maps, and the flow 
chart of the method below was shown in Fig. 3. The flow 
chart of FCM clustering was displayed in Supplementary 
Information FILE S1.

The registered images were resampled to obtain isotro-
pic voxel sizes, the final voxel size obtained was 1 mm × 
1 mm × 1 mm. The multi-parametric voxel data of each 
lesion VOI was organized into a four-dimensional vec-
tor (ADC, Ktrans, Kep, Ve) for each voxel. The FCM algo-
rithm was employed to conduct cluster analysis on the 
multi-parametric MRI images, assigning each pixel to 
its respective cluster. This division allowed for identi-
fying different tumor habitat within the lesion, which 
were then visualized on the last phase image of the 
DCE sequence. To evaluate vascularity and cellularity, 
the average value of the multi-parametric quantitative 

Table 2  Imaging parameters for DWI and DCE-MRI
Parameter DWI DCE-MRI
Sequence DW-EPI VIBRANT
Repetition time (ms) 5000 3.9
Echo time (ms) 91 2.1
Field of view (cm) 35 35
Fat suppression STIR SPECIAL
Matrix 128 × 128 256 × 256
Bandwidth (Hz/pixel) 250 83.3
b values (s/mm2) 0, 800 -
b direction 3
Number of
diffusion directions

3 -

Total scan time (s) 200 326
EPI = Echo Planar Imaging; VIBRANT = Volume Imaging for Breast Assessment; 
STIR = Short inversion-Time Inversion Recovery; SPECIAL = Spectral Inversion at 
Lipids

Fig. 1  Flowchart of the study population
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Fig. 2  Image analysis and segmentation. a A 3D-slicer sketch map of the breast cancer focus VOI. b a multi-parameter MRI image registration map
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indicators was measured in each sub-region. Addition-
ally, the percentage of each sub-region in each total lesion 
was determined.

To assess the vascularity and cellularity within each 
sub-region, we employed the mean values of Ktrans and 
Kep to evaluate vascularity, and used the mean values of 
ADC and Ve to assess cellularity. To examine the het-
erogeneity of intratumoral vascularity and cellularity, 
we measured the mean values of four quantitative indi-
cators (Ktrans, Kep, ADC, and Ve) in three spatial habitat 
sub-regions, i.e., LV-HC (low blood flow perfusion, high 
cellular density), LV-LC (low blood flow perfusion, low 
cellular density), and HV-LC (high blood flow perfusion, 
low cellular density). Higher Ktrans and Kep values indi-
cate better blood flow perfusion, while lower Ve and ADC 
values suggest higher cellular density. We established 
thresholds for these parameters to classify the study 
regions into three distinct sub-regions. The thresholds 
were chosen based on preclinical studies and the biologi-
cal characteristics of tumor tissues, aiming to define the 
heterogeneity of different regions in terms of blood per-
fusion and cellular proliferation.

Pathology and immunohistochemistry
Two pathologists independently analyzed the pathol-
ogy and immunohistochemistry of breast lesions and 
reached a consensus. All invasive breast cancer lesions 
were tested for the expression of estrogen receptor (ER), 
progesterone receptor (PR), C-erBb-2, and Ki-67. The 
expression of ER and PR was defined as nuclear positive 
staining ≥ 1% in 10 high-power fields. The result of HER2-
positive is defined as the immunohistochemical result of 
C-erBb-2 (+++) or the gene amplification observed by 

FISH. Lesions with C-erBb-2 (++) were further tested 
using FISH.

In addition, the Miller&Payne (MP) evaluation system 
was used to evaluate the cell richness of residual invasive 
tumors in the primary breast after neoadjuvant therapy, 
which was divided into five grades. Specifically, the MP 
grading system includes the following five levels [29]:

Grade 1 (G1): No change in infiltrating cancer cells or 
only a few cancer cells are altered, with no overall 
reduction in the number of cancer cells.

Grade 2 (G2): Infiltrating cancer cells are mildly 
reduced, but their overall number remains high, with 
a decrease of no more than 30%.

Grade 3 (G3): Infiltrating cancer cells are reduced by 
30–90%.

Grade 4 (G4): Infiltrating cancer cells are significantly 
reduced by more than 90%, with only small clusters 
or single cancer cells remaining.

Grade 5 (G5): No infiltrating cancer cells are present at 
the original tumor bed, although ductal carcinoma in 
situ may still be present.

Statistical analysis
Prior to hypothesis testing, the Shapiro–Wilk test was 
applied to assess the normality of continuous variables. 
Variables with a normal distribution were analyzed using 
independent-samples t-tests, while non-normally distrib-
uted variables were assessed using the Mann–Whitney 
U test. Categorical variables were compared using chi-
square tests. The relationship between the proportion of 
each spatial sub-region and the efficacy of neoadjuvant 

Fig. 3  Flowchart of FCM based lesions VOIs clustering
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therapy (Miller–Payne grading) was evaluated using 
Spearman’s rank correlation.

As our study focused on three pre-defined tumor sub-
regions with clear physiological interpretations, multiple 
comparisons corrections (e.g., Bonferroni or FDR) were 
not applied to avoid over-adjustment and potential Type 
II errors. Nevertheless, we acknowledge the implications 
of multiple testing and have added clarification regarding 
this aspect. All statistical analyses were conducted using 
SPSS Statistics 26.0 [30, 31]. Two-tailed p-values less 
than 0.05 were considered statistically significant.

Results
Clinical-Pathologic findings
This study included 76 patients with breast cancer, 
including 24 HER2-positive patients and 52 HER2-
negative patients. For HER2-negative lesions, 33 cases 
had low expression of HER2 (HER2-low) and 19 had no 
expression of HER2 (HER2-zero). In these 76 patients, 23 
received full-course of neoadjuvant therapy. Figure 4 dis-
played the multi-parametric MRI images of breast cancer 
patients with varying levels of HER2 expression.

Identification of tumor habitat in breast cancer
In this study, breast cancer tumors were physiologically 
divided into three sub-regions, including relatively low 
vascularity - high cellularity (LV - HC) region, relatively 
low vascularity - low cellularity (LV - LC) region, and rel-
atively high vascularity - low cellularity (HV - LC) region. 
All breast cancer lesions of this cohort were divided into 
three spatial habitat sub-regions, as illustrated in Fig. 5.

In the evaluation of vascularity, we observed that the 
average value of Ktrans was 1.032 (min− 1) and the average 
value of Kep was 1.179 (min− 1) in the third sub-region, 
thus categorizing it as “relatively high vascularity”. In 
contrast, the average values of Ktrans in the first and sec-
ond sub-regions were 0.099 (min− 1) and 0.141 (min− 1) 
respectively, and the average values of Kep were 0.319 
(min− 1) and 0.362 (min− 1) respectively, thus indicating 
that they behaved “relatively low vascularity”. Regard-
ing cellularity assessment, the average value of ADC in 
the first sub-region was 0.176 × 10− 3mm2/s and the aver-
age value of Ve was 0.196, which were labeled as “rela-
tively high cellularity”. On the other hand, the average 
values of ADC in the second and third sub-regions were 
1.609 × 10− 3mm2/s and 1.094 × 10− 3mm2/s respectively, 
and the average values of Ve were 0.318 and 0.688 respec-
tively, indicating that they were labeled as “relatively low 
cellularity” (see Table 3).

The volume proportion of each sub-region in breast cancer 
lesions with different HER2 expression levels
To quantify tumor heterogeneity in breast cancer with 
varying HER2 expression levels, we first measured the 

proportion of volume of each sub-region. Subsequently, 
we compared these proportions in breast cancers with 
different HER2 expression levels. Mann-Whitney U test 
analysis revealed a statistically significant difference 
between HER2-positive and HER2-negative breast cancer 
patients for the proportion of the volume in three sub-
regions. The volume proportion of HER2-positive cases 
in the first sub-region was lower than that of HER2-neg-
ative cases, while the volume proportion of HER2-posi-
tive cases in the second and third sub-regions was higher 
than that of HER2-negative cases (p-value less than 0.05), 
as shown in Table 4. Similarly, the volume proportion of 
the second sub-region was lower in the HER2-low group 
compared to the HER2-zero group (p-value less than 
0.05). However, there were no statistically significant dif-
ference between the HER2-low group and the HER2-zero 
group in the volume proportion of the first and third sub-
regions (Table 5).

Correlation analysis between the proportion of each 
Spatial habitats and the efficacy of neoadjuvant therapy
The proportion of the first spatial sub-region (LV-HC) 
was negatively correlated with MP grading (Supplemen-
tary Information FIGURE S1). This suggested that the 
lower the proportion of the first spatial sub-region in 
breast cancer lesions, the better the efficacy of neoadju-
vant therapy in patients (p-value less than 0.05).

Discussion
Breast cancer displays a high degree of heterogeneity, 
which can influence patients’ response to treatment and 
ultimately affect their clinical outcomes [32]. Therefore, 
it is crucial to monitor and quantify tumor heterogene-
ity during diagnosis and treatment of breast cancer. The 
aim of this study was to visually analyze the heterogene-
ity of vascularity and cellularity of breast cancer by using 
multi-parameter MRI and HI.

Our findings showed that HI can be used to quantify 
the heterogeneity of vascularity and cellularity within and 
between breast cancers. We further observed that these 
three subregions had statistically significant differences 
between patients with HER2-positive and HER2-negative 
breast cancer, and HER2-low and HER2-zero breast can-
cer were statistically different in the second sub-region 
(relatively LV - LC). Furthermore, the ratio of subregion 
1 (relatively LV-HC) was inversely associated with NAT 
response. These findings suggest that HI has the capabil-
ity to quantify the heterogeneity of vascularity and cel-
lularity in breast cancers with varying HER2 expression 
levels. So HI has the potential to serve as a non-invasive 
imaging predictor of neoadjuvant therapy efficacy in 
breast cancer.
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Fig. 4  Three cases of breast cancer lesions. a Invasive ductal breast carcinoma (IHC 2+ with an amplified FISH assay). b Invasive ductal breast carcinoma 
(IHC 2+ with a non-amplified FISH assay). c Invasive ductal breast carcinoma (IHC 0)

 



Page 9 of 13Zhang et al. BMC Medical Imaging          (2025) 25:159 

The clinical impact of intra-tumor heterogeneity
Breast cancer, as a highly heterogeneous tumor, has sig-
nificant differences in its internal microenvironment, 
which greatly affects treatment outcomes [14, 16]. Intra-
tumor heterogeneity is not only reflected in the variation 
of cell types and genetic mutations but also in differences 
in vascularity and cell proliferation across different tumor 

regions. Some areas within the tumor may experience 
insufficient angiogenesis, leading to hypoxic conditions 
that can impact tumor cell metabolism and therapeutic 
responses.

Furthermore, intra-tumor heterogeneity also compli-
cates personalized treatment in breast cancer. Different 
sub-regions within the same tumor may exhibit varying 
responses to treatment. Even for the same patient, the 
tumor may react differently at different stages of treat-
ment. For instance, some tumor regions may exhibit 
higher proliferation rates and angiogenesis, while other 
regions may show lower cell activity. These differences 
lead to varying sensitivities to drugs in different tumor 
areas, which, in turn, affects the overall treatment 
response. Therefore, understanding intra-tumor hetero-
geneity is crucial for developing more personalized treat-
ment strategies.

Table 3  Average values of ADC, Ktrans, Ve, Kep in distinct tumor 
habitats

LV-HC LV-LC HV-LC
ADC (×10− 3mm2/s) 0.176 1.609 1.094
Ktrans(min− 1) 0.099 0.141 1.032
Ve 0.196 0.318 0.688
Kep(min− 1) 0.319 0.362 1.179
ADC = Apparent Diffusion Coefficient; Ktrans = Volume Transfer Constant; Ve= 
extravascular extracellular volume fraction; Kep= Flux Rate Constant

Table 4  Comparison of the volume proportion of tumor 
habitats between HER2-positive and HER2-negative breast 
cancer

HER2-positive 
(n = 24)

HER2-negative 
(n = 52)

p-val-
ue

Proportion of 
LV-HC (%)

34.54(13.05 ~ 57.45) 56.95(32.96 ~ 78.60) 0.005a

Proportion of 
LV-LC (%)

37.89(18.64 ~ 54.58) 22.07(13.24 ~ 42.15) 0.049a

Proportion of 
HV-LC (%)

20.73(13.10 ~ 32.27) 13.76(2.40 ~ 25.41) 0.028a

a rank sum test

Table 5  Comparison of the volume proportion of tumor 
habitats between HER2-low and HER2-zero breast cancer

HER-2 low (n = 33) HER-2 zero (n = 19) p-val-
ue

Proportion of 
LV-HC (%)

63.56(37.09 ~ 84.54) 54.65(25.51 ~ 72.92) 0.168a

Proportion of 
LV-LC (%)

17.59(4.56 ~ 37.27) 36.65(18.87 ~ 56.03) 0.014a

Proportion of 
HV-LC (%)

15.33(2.92 ~ 26.15) 6.07(0.26 ~ 25.00) 0.591a

a rank sum test

Fig. 5  An example of three divided spatial habitat sub-regions. a VOI of breast cancer lesions was sketched and aligned with quantitative parameter 
maps of ADC, ktrans, Ve and Kep. b FCM clustering algorithm was used to identify different habitat sub-regions of breast lesions
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Discovery of distinct tumor habitat and quantification of 
vascularity and cellularity heterogeneity in breast cancer
In this study, the FCM algorithm was used to conduct 
clustering analysis on the ADC, Ktrans, Ve and Kep maps, 
which facilitated breast cancer segmentation into three 
tumor habitats. According to the mean value of each 
quantitative index, the physiological significance of 
tumor habitats was evaluated, and it was divided into 
relatively LV-HC, relatively LV-LC, and relatively HV-LC. 
This proved to be helpful for the study of spatial hetero-
geneity of breast cancer.

Previously, AK Syed, JG Whisenant, SL Barnes, AG 
Sorace and TE Yankeelov [22] identified three tumor 
habitats in both triple-negative and HER2-positive breast 
cancer models by pathological histology, including high 
vascularity-high cellularity, low vascularity-high cellu-
larity and low vascularity-low cellularity. A similar study 
was conducted by AS Kazerouni, DA Hormuth, 2nd, T 
Davis, MJ Bloom, S Mounho, G Rahman, J Virostko, TE 
Yankeelov and AG Sorace [23].

In another way, our study did not identify the tumor 
habitat characterized by high vascularity-high cellularity. 
Instead, it uncovered a previously unreported tumor hab-
itat with relatively high vascularity-low cellularity. There 
are several potential reasons for these disparities. First, 
female with breast cancer were not grouped according 
to molecular subtypes in this study, whereas previous 
researches analyzed animal models of breast cancer with 
specific molecular subtypes. Second, there were differ-
ence in MRI scanners and scanning parameters.

Comparison of the volume percentage of tumor habitat 
with different HER-2 expression levels
In this study, we observed variations in the proportional 
volume of different tumor habitats within the breast can-
cers with varying HER2 expression levels. Specifically, 
we found that the proportional volume of the first tumor 
habitat was higher in the HER2-negative group compared 
to the HER2-positive group. This discrepancy could be 
attributed to the fact that the first tumor habitat exhib-
ited relatively LV-HC. Previous preclinical studies have 
indicated that the baseline volume of the tumor habitat 
with physiological characteristics of LV-HC was higher in 
triple-negative breast cancer animal models compared to 
HER2-positive group [22]. Second, we observed that the 
proportional volume of the second and third tumor habi-
tats was higher in the HER2-positive group compared 
to the HER2-negative group. The second tumor habitat 
was characterized by relatively LV-LC, while the third 
tumor habitat exhibited relatively HV-LC. The quantita-
tive indicators representing vascularity, namely Ktrans and 
Kep, had mean values of 0.141 (min− 1) and 0.362 (min− 1) 
for the second tumor habitat, and exhibited mean values 
of 1.032 (min− 1) and 1.179 (min− 1) for the third tumor 

habitat. In contrast, the first tumor habitat exhibited 
mean values of 0.099 (min− 1) and 0.319 (min− 1) for Ktrans 
and Kep, respectively. These findings indicated higher lev-
els of vascularity in the second and third tumor habitats 
compared to the first tumor habitat. This may be due to 
the involvement of HER2 in the expression of vascular 
endothelial growth factor and its association with tumor 
angiogenesis. Therefore, the relatively high vascular-
ity levels of the second and third tumor habitats in the 
HER2-positive group were relatively higher. Finally, we 
also observed a higher proportional volume of the second 
tumor habitat in the HER2-zero group compared to the 
HER2-low group, which exhibited relatively low vascu-
larity-low cellularity, possibly attributable to the lack of 
HER2 expression in the HER2-0 group.

The efficacy of neoadjuvant therapy in breast cancer is 
related to the proportional volume of tumor habitat
Neoadjuvant therapy is a crucial component in the cur-
rent comprehensive treatment of breast cancer. This 
study found that the proportional volume of tumor 
habitat within breast cancer is related to the efficacy of 
neoadjuvant therapy. In this study, we found a negative 
correlation between the proportional volume of the first 
tumor habitat and the MP grading. The first tumor habi-
tat is characterized by LV-HC, which may suggest that 
tumor cells in this region have adapted to a hypoxic and 
nutrient-poor microenvironment. This further has the 
potential to resist apoptosis and continue to proliferate 
[33]. Previous studies have shown that their metabolism 
becomes more active and stimulates tumor angiogen-
esis when tumor cells proliferate rapidly. However, the 
blood vessels generated at this time are abnormal and 
non-functional, making it easy for the tumor to require 
more oxygen than it receives. This leads to an increase in 
hypoxic regions within the tumor, which in turn leads to 
an increase in the tolerance of tumor cells to chemother-
apy, radiation therapy and immunotherapy [16].

Previous preclinical study has found that multi-param-
eter MRI can be used to identify tumor habitats with dif-
ferent physiological states within breast cancer tumors 
and have been validated by pathological histology, includ-
ing hypoxic habitats associated with treatment resistance 
[24]. In this study, we observed a negative correlation 
between the proportional volume of the first tumor 
habitat of breast cancer and the efficacy of neoadjuvant 
therapy. This negative correlation may be attributed to 
the fact that a lower proportion of hypoxic regions within 
the lesion indicates a lower proportion of drug-resistant 
areas in breast cancer, thus improving the efficacy of neo-
adjuvant therapy.
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Comparison between MRI/HI and pathology
Pathology is widely considered the gold standard for 
assessing tumor heterogeneity, providing detailed his-
tological features of tumor cells and molecular marker 
expression. The strength of pathology lies in its ability 
to provide high-precision, quantitative data on the his-
tological characteristics of tumors. However, pathology 
also has limitations: it relies on tissue samples obtained 
via invasive procedures, often with limited sample size, 
and typically reflects only a small region of the tumor. 
This restricts its ability to comprehensively assess intra-
tumor heterogeneity. Additionally, pathology analysis is 
subject to observer variability due to manual interpreta-
tion, which can affect diagnostic consistency.

In contrast to traditional pathology, MRI provides non-
invasive, multi-dimensional, and multi-parametric infor-
mation, including tumor anatomy, function, metabolism, 
and hemodynamics, with high soft tissue resolution. This 
allows MRI to offer a more comprehensive evaluation of 
tumor heterogeneity, especially in detecting tumors with 
unclear boundaries or small lesions. However, MRI has 
limitations, including the need for high-quality image 
acquisition and complex image analysis procedures, 
and some details of certain regions may be difficult to 
capture. HI, which integrates multi-parametric imag-
ing techniques, further enhances tumor heterogeneity 
quantification by segmenting the tumor into different 
sub-regions through clustering analysis. HI’s strength 
lies in providing a detailed and comprehensive quanti-
tative description of tumor heterogeneity, offering valu-
able insights for personalized treatment. However, it also 
faces challenges, including high technical demands and 
reliance on advanced image processing and data analysis 
methods.

Explanations for the absence of the “high vascularity-high 
cellularity” habitat
Although prior preclinical studies have reported the 
presence of a high vascularity–high cellularity (HV-HC) 
habitat in breast cancer models, our clinical dataset did 
not identify this specific subregion. Instead, we identi-
fied three alternative physiologically plausible habitats, 
including a high vascularity–low cellularity (HV-LC) 
region and a low vascularity–high cellularity (LV-HC) 
region. In addition to potential differences between ani-
mal models and clinical human data, we propose a bio-
logical rationale for this observation.

Previous studies have shown that during periods of 
rapid tumor cell proliferation, angiogenesis is upregu-
lated due to increased metabolic demand. However, the 
resulting neovasculature is often abnormal in struc-
ture and dysfunctional in perfusion. These vessels may 
lack efficient flow despite their increased density, lead-
ing to areas with high cellularity but relatively poor 

perfusion—manifesting as LV-HC rather than HV-HC 
regions. This paradoxical relationship between prolif-
eration and perfusion may underlie the absence of the 
HV-HC habitat in our analysis.

Moreover, due to the current lack of standardized data 
on the expected frequency of HV-HC habitats in human 
breast cancer cohorts, we were unable to statistically 
validate this absence in comparison to previous stud-
ies. Future investigations with larger, subtype-stratified 
cohorts and pre/post-treatment imaging may help clarify 
whether HV-HC regions are specific to certain tumor 
phenotypes or confined to preclinical models.

Limitations and future works
There are some limitations to our study. First, our study 
was limited by a finite sample size. In the future, it is 
imperative to continuously augment the sample size. 
With a sufficient sample size, additional analysis can be 
performed on breast cancer patients sharing the same 
molecular subtypes, which can help investigate the inter-
tumor heterogeneity within lesions of identical molecu-
lar subtypes. Second, our experiment did not incorporate 
data of diffusion kurtosis imaging (DKI), due to the lim-
ited availability of samples with DKI sequences. DKI can 
offer more precise and realistic insights into the micro-
structural properties of tissues, which enable a more 
accurate quantitative assessment of water molecule diffu-
sion within and outside tumor cells. Therefore, it would 
be advantageous to include DKI data in future analyses 
when a sufficient sample size becomes accessible. Third, 
although our study utilized habitat imaging to divide 
the interior of breast cancer into sub-regions with dif-
ferent physiological significance, it lacked potential his-
topathological validation. In the future, we will attempt 
to interpret and validate the findings by matching the 
sub-regions of habitat depicted in MRI images with cor-
responding tissue sections. Fourth, this study did not 
include a direct comparative analysis of HI with these 
traditional biomarkers. Future research will include sys-
tematic comparisons between HI and biomarkers such 
as Ki-67, tumor grading, and conventional MRI metrics 
(e.g., Ktrans, Ve) to evaluate the relative advantages and 
predictive capabilities of HI as a non-invasive imaging 
biomarker.

This study demonstrates the potential of Habitat Imag-
ing (HI) for tumor characterization in breast cancer, 
particularly in predicting HER2 expression levels and 
assessing neoadjuvant therapy efficacy. However, despite 
the promising initial results, further validation and opti-
mization are required. Future research should include the 
following key steps:

Prospective Clinical Trials: To validate the application 
of HI across different subtypes of breast cancer, we plan 
to conduct prospective clinical trials. By comparing HI 
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with existing clinical standards (such as histological sub-
types, Ki-67 expression, etc.), we can further assess its 
clinical value.

Automated Segmentation Techniques: In future stud-
ies, we will introduce automated segmentation tech-
niques, utilizing deep learning algorithms to improve 
segmentation efficiency and accuracy, further advancing 
the application of HI in large-scale clinical data.

Deep Learning Approaches: We also aim to integrate 
deep learning approaches to analyze patterns in HI data, 
with the goal of developing predictive models. This will 
help enhance HI’s predictive capability in various clinical 
scenarios, such as its application in patients with varying 
levels of HER2 expression.

Summary
In summary, we first integrated DWI with DCE-MRI to 
comprehensively evaluate breast cancer heterogeneity 
from two physiological perspectives: cellular prolifera-
tion (via ADC and Ve) and vascular perfusion (via Ktrans 
and Kep), demonstrating a novel multi-dimensional and 
synergistic imaging approach. Second, we established a 
habitat imaging model based on multiparametric MRI 
and applied fuzzy clustering to segment tumors into 
subregions with distinct vascularity and cellularity pro-
files. This enabled a precise and quantitative assessment 
of both intra- and inter-tumoral heterogeneity, high-
lighting methodological and conceptual innovation. 
Finally, addressing the clinical challenge posed by the 
high heterogeneity of breast cancer that hampers per-
sonalized therapy, our study proposes a noninvasive and 
visual evaluation strategy. We demonstrated correla-
tions between specific tumor habitats (e.g., LV-HC) and 
HER2 expression levels as well as neoadjuvant therapy 
response, underscoring the translational potential and 
clinical utility of this imaging approach.

Conclusion
Our study demonstrates that HI based on multi-para-
metric MRI can quantitatively visualize the heterogeneity 
of vascularity and cellularity within breast cancer lesions. 
There are differences in the proportional volume of vari-
ous tumor habitats between breast cancer with different 
HER2 expression levels, which may be related to differ-
ences in vascularity and cellularity within the lesions due 
to different HER2 expression levels. There is a correla-
tion between the proportional volume of tumor habitats 
within breast cancer lesions and the efficacy of neoadju-
vant therapy, which may be related to the effect of blood 
flow perfusion and cell proliferation within the lesion on 
the patient’s response to treatment. This suggests that 
HI may become a non-invasive imaging biomarker for 
predicting the efficacy of neoadjuvant therapy in breast 
cancer.
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