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Introduction

Breast cancer is one of the most common cancers that 
endanger the health of women worldwide. In recent years, 
the incidence rate of breast cancer has been increased, 
and the age of onset tends to be younger (1,2). Molecular 

target therapy for breast cancer is primarily based on the 
histological phenotypes, such as estrogen receptor (ER), 
progesterone receptor (PR), human epidermal growth 
factor receptor 2 (HER2), and MiB1(Ki-67). All these 
factors exhibit synergistic effects in the progression of 
breast cancer, and significantly affect the therapeutic 
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efficacy and clinical prognosis of patients (3,4). Therefore, 
it is of significance to identify these molecular markers 
preoperatively in molecular target therapy.

High-spatial resolution magnetic resonance imaging 
(MRI) has been frequently applied in the diagnosis of 
breast cancer due to higher sensitivity compared with 
mammography or ultrasound (5). In addition, functional 
MRI, such as dynamic contrast-enhanced MRI (DCE-
MRI), has been routinely incorporated into standard MRI 
protocols (6,7). Investigators have demonstrated the added 
value of DCE-MRI in the differential diagnosis, staging, 
prognosis, and prediction of breast cancer treatment 
responses (8-10). The reason why DCE-MRI has achieved 
great success in breast cancer is that it provides a non-
invasive and accurate tool to evaluate the blood supply and 
vascular permeability of tumors. Angiogenesis is a natural 
and vital process for nutrient supply of tumor growth. 
However, newly-developed vessels of a tumor are always 
immature, tortuous, and hyper-permeable (11,12). With 
DCE-MRI, tumor angiogenesis and permeability can be 
qualitatively or quantitatively studied in a non-invasive 
manner (13,14). Recently, significant correlations have been 
detected between ER, PR, HER2, and parameters derived 
from DCE-MRI (15,16).

In essence, tumors are markedly heterogeneous in 
the cell density and vascular structures (17). Tumor 
heterogeneity is intrinsically a consequence of the 
imperfection DNA replication: whenever a normal or 
cancerous cell divides, and a few mutations are acquired, 
leading to a diverse population of cancer cells (18,19). 
Furthermore, tumor heterogeneity is highly correlated with 
tumor staging, therapeutic efficacy and clinical prognosis, 
etc. (20-22). DCE-MRI can display the heterogeneous 
features of tumors (23,24). 

Histogram analysis has become an emerging quantitative 
technique to enhance the clinical efficacy and diagnostic 
accuracy (25,26). Histogram can reflect the changes of 
the voxel distribution and obtain the mean and percentile 
values, as well as parameters that can directly represent 
tumor heterogeneity. Hence, the calculation results of voxel 
values can be more accurate and comprehensive (27). Breast 
cancer is biologically heterogeneous, even with the same 
histological type. Li et al. [2018] have found that histogram 
parameters detected by DCE-MRI are correlated with 
breast cancer malignancy (23). In this study, the relationship 
between pharmacokinetic parameters of DCE-MRI and 
histological phenotype of breast cancer was investigated by 
histogram analysis.

Methods

Patients

This retrospective study was approved by the institutional 
review board and informed consent was waived. From 
September 2014 to June 2016, a total of 144 clinically or 
histologically confirmed breast cancer patients (all women, 
aged 18–79 years) who underwent MRI examination in 
our hospital were reviewed from the picture archiving 
and communication system (PACS). Inclusion criteria 
included: (I) availability of diagnostic quality MR images 
including DCE-MRI; (II) completion of histopathological 
examination results of ER/PR/HER2 and Ki-67. Exclusion 
criteria were: (I) patients underwent biopsy, radiotherapy, 
chemotherapy, or surgery before MRI examination; (II) 
patients in menstrual and lactation period; (III) patients 
with ill-defined margins of the tumors (non-mass like 
enhancement lesions) on MRI images. Eventually, 44 cases 
were excluded for the following reasons: 30 cases for non-
availability of histological biomarkers, and 14 cases for low 
image quality. Therefore, the final dataset consisted of 100 
patients.

Breast MRI technique

MRI examinations were conducted using a 1.5T (Signa 
HDxt 1.5T, GE Healthcare, Milwaukee, WI, USA) MRI 
system equipped with a dedicated 8-channel breast coil. 
The patients were in a prone position with their bilateral 
breasts naturally hanged in the two coil holes. After 
acquiring the scout images in three orthogonal orientations, 
the axial bilateral fat-suppressed T2-weighted fast-spin echo 
sequence (repetition time/echo time, 6,600 ms/42 ms; slice 
thickness, 5 mm; field of view, 330 mm; matrix, 330×330) 
in the transverse orientation was acquired. The imaging 
protocol of DCE-MRI consisted of a pre-contrast T1 
mapping sequence and a DCE sequence. The two sequences 
possessed the same spatial resolution and field of view 
(FOV), and the series of echo sequences were called by the 
pre-contrast three-dimensional spoiled gradient by using 
variable flip angle T1 mapping method with flip angles of 5°, 
15°, and 25°, respectively. The dynamic scanning (repetition 
time/echo time, 4.2 ms/2 ms; flip angle 25°; slice thickness 
5 mm; field of view with 320 mm; matrix 320×288) was 
then acquired. After the first three dynamic scans were 
used as the baseline images, the gadodiamide contrast agent 
(Omniscan, GE healthcare, Milwaukee, WI) at a dose of 
0.1 mmol/kg of body weight was administered at a rate of 
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3 mL/s intravenously by a power injector, followed by a  
20 mL saline flush at the equivalent injection rate to 
improve bolus coherence. In total, 20 consecutive phases 
with a time resolution of 22.5 s were acquired for 7.5 min.

MR image post-processing

All  imaging results  were double-checked by two 
experienced radiologists and the images were input to the 
Omni-Kinetics workstation (GE Healthcare, China) for 
quantitative analysis. To overcome the low time resolution 
problem, reference region model (RRM) was adopted as the 
pharmacokinetic model (25). In this model, the generalized 
kinetic model of DCE-MRI was used to describe the 
pharmacokinetic behavior of contrast agent (CA) voxel. The 
equation is as below:

( ) ( ),
, ( )TOI trans TOI

p ep TOI TOI

dC t
K C t K C t

dt
= ⋅ − ⋅ 	 [1]

Where CP(t) and CTOI(t) are the concentrations of the CA 
at time t in plasma and tissue of interest (TOI), respectively. 
Ktrans,TOI is the transfer constant (min-1) between plasma and 
the extravascular extracellular space (EES) of the TOI. 
Kep,TOI is the rate constant (min−1) between EES of the 
TOI and plasma, equal to Ktrans,TOI

 divided by Ve,TOI (the 
extravascular-extracellular fractional volume of TOI). 

To eliminate the dependence of CP(t), a second tissue 
(reference region) as a surrogate for the arterial input 
function (AIF) in the TOI was introduced. It is described 
by:

( ) ( ) ( ),
,

RR trans RR
p ep RR RR

dC t
K C t K C t

dt
= ⋅ − ⋅ 	 [2]

Where CRR(t) is the concentration of the CA in the RR at 
time t, Ktrans,RR is the transfer constant for the RR, and Kep,RR 
is the rate constant for the RR. By assuming that CP(t) is the 
same for both tissues, it’s possible to solve Eq. for CP(t) and 

thus obtain the permeability parameters of 
,

,

trans TOI
trans

rans RR

KRK
K

= , 
Kep,TOI and Kep,RR.

In our study, the reference region with an area of 
16–21 mm2 in the pectoralis major muscle was selected 
by an irregularly-shaped ROI to avoid the ribs. For 
the analysis of tumor, a series of ROIs were manually 
delineated at the successive slices of each lesion in the 
phase of the enhanced DCE-MRI. By reference to the T2-
weighted image, visible necrosis, vascular, calcification 
and cystic regions were avoided when delineated. The 

ROIs were then mapped to the functional MRI images 
for histogram analysis. The histogram metrics included 
mean values, the 10th/25th/50th/75th/90th percentiles, energy, 
entropy, skewness, kurtosis and variance. In the study, the 
overlapping areas that all three inputs considered tumor 
were taken to ensure that overestimation of tumor burden 
did not occur when quantifying values. Furthermore, 
three radiologists blinded to the clinical information 
independently delineated the ROIs, and the average of the 
histogram features was utilized as the final result to reduce 
individual error.

Energy: it expresses the uniformity of the distribution of 
image pixel value. The larger the energy value is, the more 
uniform the distribution of image pixel value is. Entropy: 
it refers to the uniformity of the distribution of the pixel 
values in the image histogram. The larger the entropy value 
is, the more uniform in the distribution of the pixel values 
in the image is. Mean: it expresses the average pixel mean 
of an image. Kurtosis: it refers to the approximate state of 
the image when the pixel value is close to the mean. The 
smaller the kurtosis is, the more concentrated it is. The 
equations are as follows:

Prognostic factors

Immunohistochemical staining of the tumor parenchyma 
without necrosis was performed. The expression levels of 
ER, PR, Ki-67 and HER-2 were quantitatively observed 
by microscope (400×). HER-2 was located on the cell 
membrane, and the remaining markers ER, PR, Ki-67 were 
distributed in the nucleus. ER or PR positivity was defined 
as immunostaining in 1% or more of invasive tumor cells 
based on treatment-oriented classification of breast cancer 
subgroups. HER2 positivity was defined as +3 score when 
circumferential membrane staining was completed, and 
intense staining was observed in >10% of the invasive 
tumor cells. HER2 positivity with +2 score was subject 
to fluorescence in situ hybridization analysis. HER2 gene 
amplification was defined as the ratio of HER2 gene signals 
to chromosome 17 signals >2.0. Positive expression of Ki-
67 was defined as being above a cutoff percentage of 14% 
of positive staining tumor cells among the total number of 
assessed malignant cells.

Statistical analysis

All quantitative variables were expressed as mean ± standard 
deviation (SD). The normal analysis was performed using 
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the Kolmogorov-Smirnov test. Student’s t-test was used 
for normal distribution data, and the remaining data were 
analyzed using the Mann-Whitney U test to assess the 
differences in DCE-MRI parameters and histograms of 
ER/PR/HER2/Ki-67 expression status. Receiver operating 
characteristic (ROC) curves were generated to evaluate 
the diagnostic performance of the histogram metrics in 
assessing the prognostic factors. The optimal threshold 
was chosen according to the Youden index. A P value of 
less than 0.05 was considered as statistically significant. 
All statistical analyses were performed using Statistical 
Product and Service Solutions version 19.0 (SPSS, SPSS 
Inc., Chicago, IL, USA) and MedCalc 15.8 (MedCalc, 
Mariakerke, Belgium).

Results

Clinical and histopathological findings

Core biopsy specimens were available from all 100 patients. 
All these lesions were proven as malignant breast cancers by 
biopsy, and included 75 cases of invasive ductal carcinomas, 
19 cases of ductal carcinomas in situ, 4 cases of invasive 
lobular carcinomas, and 2 cases of invasive micropapillary 
carcinoma. Among 100 patients, 69 cases were ER+,  
57 PR+, 74 HER2+, and 56 Ki-67+ on biopsy specimens  
(Table 1). 

Additionally, representative enhanced images and 
DCE-MRI derived parameters maps were illustrated 
in Figures 1-3. It was found that 13, 30, and 44 patients 
were diagnosed with luminal A-, luminal B-, and HER2-
enriched phenotypes, respectively. As shown in Figure 1, 
a high-resolution contrast-enhanced axial T1w image (A) 
is shown with the corresponding axial parametric map  
(Figure 1B,C,D) for ER(+) and PR(+) breast cancer, and a high-
resolution contrast-enhanced axial T1w image (Figure 1E)  
is shown with the corresponding axial parametric map 
Kep,TOI (Figure 1F), RKtrans (Figure 1G), Kep,RR (Figure 1H) for 
ER(−) and PR(−) breast cancer. A high-resolution contrast-
enhanced axial T1w image (Figure 2A) is shown with 
the corresponding axial parametric map (Figure 2B,C,D)  
for HER2(+) breast cancer, and a high-resolution contrast-
enhanced axial T1w image (Figure 2E) is shown with 
the corresponding axial parametric map (Figure 2F,G,H)  
for HER2(−) breast cancer. Accordingly, a high-resolution 
contrast-enhanced axial T1w image (Figure 3A) is 
shown with the corresponding axial parametric map 
(Figure 3B,C,D) for Ki-67(+) breast cancer, and a high-
resolution contrast-enhanced axial T1w image (Figure 3E) 

is shown with the corresponding axial parametric map  
(Figure 3F,G,H) for Ki-67(−) breast cancer.

Correlation between DCE-MRI parameters and 
clinicopathological prognostic factors

The histogram metrics of RKep,TOI, Kep,TOI, and Kep,RR of 
different ER/PR/HER2/Ki-67 expression groups were 
summarized in Table 1. All the histogram parameters of 
Kep,TOI significantly differed between ER/PR/HER2 negative 
and positive groups (P<0.05), except for the relationship 
between the variance of Kep,TOI and HER2 (P>0.05). The 
histogram metrics of the mean value, all the percentiles, 
entropy and variance of Kep,TOI values were significantly 
increased in the ER/PR negative tumors (P<0.05), whereas 
the energy, kurtosis, and skewness of ER/PR negative 
tumors were significantly higher than those in the ER/PR 
positive groups (P<0.05). The mean, all the percentiles and 
entropy of Kep,TOI 

were significantly decreased in the HER2 
negative tumors, whereas the energy, kurtosis and skewness 
were significantly increased in the HER2 negative tumors 
(P<0.05). 

No significant differences in histogram metrics of RKtrans 

were found between the ER/PR negative and positive 
groups (P>0.05). Compared to the HER2 positive groups, 
the 10th percentile, entropy, and kurtosis were significantly 
decreased in the HER2 negative groups, whereas the energy 
and skewness were significantly increased in the HER2 
negative group (P<0.05). Only the energy of RKtrans  was 
suggested to be significantly promoted in the Ki-67 negative 
tumors in comparison with the Ki-67 positive tumors 
(P=0.049). All the histogram parameters of Kep,KOI showed 
no significant differences between the ER/PR/HER2/Ki-67 
positive and negative groups (P>0.05).

Diagnostic performance of DCE-MRI histogram metrics

The ROC analysis  revealed the AUC, specif icity 
sensitivity, and threshold for DCE-MRI measures in the 
detection of patients with different ER/PR/HER2/Ki-67 
expression status (Table 2). As illustrated in Figure 4, the 
skewness of Kep,KOI showed the highest AUC of 0.977 in the 
discrimination of ER positive tumors in all the histogram 
metrics, and the energy of the Kep,KOI exhibited the AUC 
of 0.879 in comparison with PR positive and negative 
tumors. Furthermore, as for HER2 and Ki-67, the energy 
of RKtrans yielded an AUC of 0.854 and 0.615, respectively  
(Figure 4).
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Discussion

Breast cancers consist of four different molecular types 
Luminal-A, Luminal-B, HER2-overexpressed and triple-
negative breast cancers, and different molecular types 
are more conducive for clinicians to choose the best 
individualized treatment according to the characteristics 
of different molecular subtypes (27). To now, imaging 
techniques such as breast ultrasound, molybdenum 
target imaging, MRI, DCE-MRI and positron emission 
tomography (PET) have been widely used in clinical 

diagnosis (28). Previous study suggested that there was 
a statistically significant difference between benign 
and malignant breast lesions in enhancement rate and 
kinetic AUC for ultrafast MRI imaging and also in initial 
enhancement rate and signal enhancement ratio (SER) 
for standard imaging (29). In another study, it was suggest 
that molybdenum target combined with DCE-MRI in the 
diagnosis of different molecular types of breast cancer is 
better than the single imaging screening (30). In the present 
study, DCE-MRI quantitative analysis was successfully 
performed using the RRM. The histogram metrics of these 
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Figure 4  ROC curve with the best performance for the 
differentiation of the status of prognostic factors in histogram 
analysis. ROC, receiver operating characteristic.
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parameters can predict the phenotypes of breast cancer with 
a relatively high accuracy, especially for the differentiation 
of ER/PR/HER2 positive and negative tumors.

In recent years, several mathematical models, such as Patlak 
and Tofts models based on the indicator dilution theory (31),  
have been developed for the analysis of DCE-MRI data 
to obtain quantitative pharmacokinetic parameters (32). 
Therefore, knowledge of the time course of the concentration 
of CA in the blood plasma, AIF, is required. Also, a temporal 
sampling less than 5 s/image is required to accurately 
measure the AIF (33). For soft tissues, such as the breast and 
prostate, the time required for one phase of DCE-MRI image 
is constantly longer than 10 s. Thus, Tofts and Patlak models 
may cause significant errors if they are directly applied in this 
situation. This difficulty has been resolved by using RRM 
which utilizes the concentration curve in a reference region 
as an alternative to AIF to eliminate the high time resolution 
requirement (26). In published studies, the application of 
RRM has been reported. For instance, to assess the temporal 
sampling requirements needed for quantitative analysis 
of DCE-MRI data with a RRM in human breast cancer, 
DCE-MRI data were acquired on 12 breast cancer patients 
and parameters were estimated using the native resolution 
data. The RRM resulted in an error less than 20% in the 
extracted parameters with temporal sampling as poor as  
35.6 seconds (34). In the present study, it was also indicated 
that RRM is a promising alternative approach for analyzing 
DCE-MRI data with low temporal resolution.
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In our study, a statistically significant increase in Kep,KOI 
was 

found with ER/PR negative (−). The breast cancer with ER/
PR(−) is highly malignant and exhibits negative responses 
to hormone therapy with short survival time (35,36). Liu 
et al. (37) have found that the decrease in ER and PR was 
related to the rapid growth of tumor, poor differentiation and 
downregulation of cell synthesis hormone receptor. Compared 
with ER/PR(+) tumors, the ER/PR(−) tumors grow more 
rapidly, and the neovascularization is more abundant with more 
incomplete endothelial cells with increased permeability (37).  
Kep,KOI represents the rate of permeation of CA from the 
extravascular extracellular space to the plasma and is correlated 
with ER/PR status. The results of this study were consistent 
with previous studies of Koo et al., Chang et al., and Catalano 
et al. (38-40). However, these studies did not analyze the 
heterogeneity of the quantitative DCE-MRI parameters. 
We found that the energy, entropy, kurtosis, skewness, and 
variance of Kep,KOI 

significantly differed among various ER/PR 
subgroups of breast cancer, which might be explained by the 
extensive heterogeneity of ER/PR(−) tumors.

HER2, an orphan tyrosine kinase receptor and is 
overexpressed in 15–20% of breast cancers. Overexpression of 
HER2 can induce vascular endothelial growth factor (VEGF) 
to promote the tumor neovascularization (41). High HER2 
expression indicates rich blood perfusion, high malignancy, 
and poor response to endocrine therapy (42). Previous finding 
demonstrated that HER2 amplification was associated with 
angiogenesis, which could be measured by DCE-MRI (43). 
The DCE-MRI texture analysis was ever used to predict 
HER2 2+ status with a high sensitivity, specificity and  
AUC (44). In the present study, almost all the Kep,KOI metrics 
and the 10th percentile, energy, entropy, kurtosis, and skewness 
of RKtrans were found to significantly differ in HER2 positive 
and negative tumors. The pathological explanation of these 
results was consistent with ER/PR. More recent studies have 
corroborated our findings of a correlation with increased Kep 
in HER2 positive tumors (9,40).

Ki-67 is a proliferation indicator which is mainly correlated 
with cellular proliferation (45). In our study, almost no 
histogram metrics of DCE-MRI parameters were found 
to be significantly different in Ki-67 positive and negative 
tumors, probably due to the fact that cellular proliferation 
mainly affects the diffusion behavior rather than impacts the 
tumor angiogenesis. Actually, inconsistent findings have been 
reported in the relationship between Ki-67 and DCE-MRI 
parameters in breast cancers. Li et al. (46) have found that Ktrans 
is positively correlated with Ki-67 with (r=0.329) in breast 
cancer without statistical significance (P=0.092). In contrast, 

Juan et al. [2018] investigated the association between Ki-67 
expression and radiomics features of in invasive breast cancer 
and found that that the lesion area, SD, skewness, kurtosis, 
homogeneity and inverse differential moment (IDM) were 
significantly associated with the Ki-67 expression level (47). 
Given our results, DCE-MRI parameters cannot be used as 
the indicators of Ki-67 until the underlying mechanism has 
been unraveled. 

There are several limitations in our study. First, as a 
retrospective study, there is an inevitable choice bias because 
many breast cancer patients have no pathological results. 
Second, the relatively small sample size and imbalanced 
population distribution within certain subtypes also limit 
the applicability of results. Thus, large prospective, multi-
institutional cohort studies with greater statistical power are 
urgently required to validate the results of the present study. 
Third, the results between RRM and regular models, such 
as Tofts model, are not compared in our study. 

Conclusions

In conclusion, the tumor heterogeneity is quantitatively 
analyzed by histogram analysis on quantitative pharmacokinetic 
breast DCE-MRI parameters. The findings demonstrate that 
DCE-MRI can improve the performance in the differentiation 
of histological phenotypes of breast cancer. Qualifying spatial 
heterogeneity of tumor region is suitable for reflecting the 
vasculature complexity of different molecular markers.
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