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Application of intravoxel incoherent motion diffusion-
weighted magnetic resonance imaging on the diagnosis of 

breast cancer 

INTRODUCTION 

Breast cancer (BC) is the most common malignant 
tumor in women around the world(1). In China, BC is 
one of the primary malignancies (2). According to             
statistics, the number of China’s female's BC, each 
year is 169000, which is the second most common 
female malignancy. Each year about 4,5000 women 
die from BC, which is the most common malignancy 
of females' sixth cause of death(3). BC is one of the 
important factors which harm female health and the 
recent incidence of BC is the overall rise, so it is            
particularly important to evaluate the diagnosis of 
BC. And the diagnosis is closely related to the               
histological grade, some scholars found that the               
5-year survival rate of the histological grade I, II and 
III in BC was 84.2%, 70.2% and 51.9%, and there are 
significant differences between those(4, 5). 

With constant innovation and development in 
magnetic resonance (MR) technology, more and more 
advanced technology can be applied to the diagnosis 
and evaluation of BC (6, 7). Intravoxel incoherent           
motion (IVIM) is one of them, and in recent years, 
more and more of them was widely used in clinical(8). 
A recent study revealed that IVIM imaging played a 

critical role in subtyping of BC(9). Studies have shown 
that apparent diffusion coefficient (ADCs) in both 
normal and benign tissues have ADCs higher than 
malignant lesions(10, 11). In 1986, Le Bihan et al first 
proposed the IVIM which is based on diffusion-
weighted imaging (DWI), in biological tissue(12, 13). 
IVIM phenomena include two factors which are pure 
water molecular diffusion movement and blood              
perfusion(14). IVIM not only can provide quantitative 
parameters of pure water molecular diffusion             
movement in organizations, but also can reflect the 
condition of the tissue’s perfusion, which can truly 
reflect the water molecules diffusion movement,             
including the following parameters: pure diffusion 
coefficient (D), the pseudo-diffusion coefficient (D*) 
and the perfusion fraction (f)(15, 16).  

In summary, the study focused on analysis of the 
relationship between different parameter values of 
IVIM imaging based on mono-exponential and            
bi-exponential models and the grading of BC. And we 
found that the value of D-mono of benign breast             
diseases was higher than that of BC, and there was 
statistical significance between the different grades, 
and between subtyping of ER in BC. 
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ABSTRACT 

Background: To explore the application of intravoxel incoherent motion (IVIM) 
parameters based on mono- and bi-exponential models for diagnosing breast cancer 
(BC). Materials and Methods: 43 patients underwent breast magnetic resonance (MR) 
scanned before operation and the images were transferred to AW Volume Share 5 
post-processing workstation. The mono-exponential and bi-exponential model was 
used to measure the slow diffusion coefficient (DC) (D), fast DC (D*) and fraction of 
perfusion (f). And the association between different parameter values and BC grading 
was analyzed via Spearman’s rank correlation coefficient. Results: The D mono value 
of 13 patients with benign breast diseases was higher than that of 30 patients with BC 

(4.04 ± 0.23 vs 2.59 ± 0.64，p<0.05) while there was no statistical significance on the 

value of D* mono, f mono, D bi, D* bi and f bi. Additionally, the parameter differences 
of D mono, D* mono, D bi and D* bi had statistical significance between the different 
BC grades. And the grades of BC had a negative correlation with D mono and D bi 
while were positively related to D* mono and D* bi. It was most closely related to D* 
bi than D bi. D mono value in ER-positive were higher than that in ER-negative group 
(3.09±0.37 vs 1.03±0.09, p=.0095). Conclusion: IVIM could be used to diagnose BC, 
predict histological grading and ER expression and provide valuable imaging for the 
clinical treatment and prognosis of BC patients. 
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MATERIALS AND METHODS 
 

Patients 
Forty-three patients were selected in Qianfoshan 

Hospital of Shandong Province from October 2014 to 
January 2016. They were female, the age ranged from 
31 to 68 years. All of the patients did the MR                
examination before operation and all of them did the 
surgical treatment in a week, and all of them without 
any treatment before examination. The study was 
approved by the institutional ethical committee and 
all the patients signed informed consent. 

 

Data 
MR images using 3.0 T superconducting magnetic 

resonance equipment (Discovery MR750, GE 
Healthcare, USA), it is a dedicated eight-channel           
bilateral breast phase control coil, with the patient 
prone, their bilateral breast naturally hanging in the 
coil. Each research object is scanned in the axial 
T1WI, T2WI, and IVIM sequence. Scan parameters of 
each sequence: the axial fast spin echo T1WI 
(repetition time (TR) 632 ms, echo time (TE) 8.9 ms, 
field of view (FOV) 36 ´ 36 cm, matrix 320 ´ 192, slice 
thickness 6 mm, slice gap 1 mm, number of excitation 
(NEX) 2); the fast spin echo of axial water lipid T2WI 
(TR 2907 ms, TE 52.8 ms, FOV 36 ´ 36 cm, matrix 320 
´ 192, slice thickness 6 mm, slice gap 1 mm, NEX 1); 
multi b value of DWI using a single shot spin echo 
sequence (TR 3000 ms, TE 56.3 ms, FOV 36 ´ 36 cm, 
matrix 128 ´ 96, slice thickness 6 mm, slice gap 1 mm, 
b value respectively 0, 20, 50, 100, 150, 200, 400, 
800, 1000, 1200, 1500 s/mm2, NEX respectively 1, 2, 
2, 2, 2, 2, 1, 2, 4, 4, 6).  

 
Data analysis 

The original image obtained by scanning will be 
sent to AW Volume Share 5 post-processing                   
workstation (GE Healthcare, USA), two physicians 
have five years of experience in imaging diagnosis to 
analyze and measure images using Functool 9.4.05 
software (GE Healthcare, USA), combining with T1WI, 
T2WI and IVIM image, selecting the maximum level of 
lesion, placing the region of interest (ROI) in the             
lesion site, avoiding the hemorrhage and necrosis, 
then calculating the slow diffusion coefficient slow 
ADC mono values, rapid diffusion coefficient fast ADC 
mono values and filling fraction f mono values using 
single exponential model; calculating the slow               
diffusion coefficient slow ADC bi values, fast diffusion 
coefficient fast ADC bi values, scores of infusion f bi 
values by using double exponential model. Measuring 
3 times and selecting the average, recording the               
lesion's ADC mono values, fast ADC mono values, f 
mono values, slow ADC bi values, fast ADC bi values 
and f bi values. 

 

Grading of BC  
Using the classification method improved by      

828 

Elston and Ellis, put forward by Bloom and                 
Richardson, according to the following 3 indicators: 
formation of the gland duct, nuclear pleomorphism, 
nuclear division phase to score: (1) the formation of 
the gland tube >75% is 1 score, 10% ~ 75% is 2 
scores, and < 10% is 3 scores; (2) nuclear                 
pleomorphism: tumor tissue compared with tumor 
surrounding normal breast tissue, the tumor cells 
which are small and rule is 1 score, the tumor cells 
which are medium size and moderate atypia is 2 
scores, the tumor cells which are large and obvious 
atypia is 3 scores; (3) the nuclear division phase 
count: in the cell growth active region, count every 10 
HPF nuclear division 0 ~ 5 is 1 score, 6 ~ 10 is 2 
scores, 11 is 3 scores. Adams 3 items above, total 
scores 3 ~ 5 is I level, low grade; 6 ~ 7 is II level, 
moderate grade; 8 ~ 9 is III level, high grade. 

 

Statistical analysis 
SPSS17.0 software (IBM, China) was executed. 

Regarding the grade I, II, III of BC respectively as the 
group 1, 2, 3, and then the D mono value, D* mono 
value, f mono value, D bi value, D* bi value and the f bi 
value respectively calculated by single index model 
and double exponential model will be processed by 
One-Way Analysis of variance (ANOVA). Then              
meaningful parameters will be counted by Spearman 
rank correlation, analysis of the relationship between 
the histological grading of BC and the different            
parameters. P<0.05 indicated significance. 

 
 

RESULTS 
 

Comparison of IVIM parameters between benign 
and malignant breast tumors 

Among the 46 patients, 33 patients with BC were 
confirmed by pathology; 6 patients had benign             
hyperplasia of mammary gland, 4 patients had              
introduction papilloma, and 3 patients had                     
introduction carcinoma.   

Patients with breast hyperplasia and intraductal 
papillomatosis were assigned to the benign breast 
disease group. The D mono value of benign breast 
diseases is higher than that of BC (4.04 ± 0.23 vs 2.59 
± 0.64, P<0.05), while the D* mono value, f mono, D bi 
value, D* bi value and f bi value had no statistically 
significant difference between the benign breast           
diseases and BC (table 1). 
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 Parameters Malignant P Benign 
D mono(×10–3mm2/s) 

D* mono(×10–3mm2/s) 

f mono(%) 
D bi(×10–3mm2/s) 

D* bi(×10–3mm2/s) 

f bi(%) 

2.59±0.64 
11.98±4.15 
27.33±7.45 
0.53±0.17 

63.49±17.83 
31.56±8.23 

<0.05 
>0.05 
>0.05 
>0.05 
>0.05 
>0.05 

4.04±0.23 
2.63±0.12 

25.21±2.64 
0.65 ±0.11 
33.89±5.23 
36.67±7.78 

Table1. Comparison of IVIM parameters between benign and 
malignant breast tumors. 
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Relationship between IVIM parameters and            
histological grading of BC 

The 33 cases of invasive carcinoma were             
confirmed by surgery pathology, among them, BC I 
level has 8 cases, II level has 15 cases, III level has 10 
cases; Compared between histologic grade of BC I, II, 
III level, the D mono value, D* mono value, D bi value 
respectively measured by single index model and 
double index model have significant difference with 
bi groups, while there was no statistically significant 
difference between the f mono value and the f bi 
group. P<0.05 means the difference has statistical 
significance. The histological grade of BC has a              
negative correlation with the D mono value measured 
by single index model, the correlation coefficient r = 
0.930 > 0.9, appears significant negative correlation, 
P<0.001, difference have significance; has negative 
correlation with the D bi value measured by double 
index model, correlation coefficient r = 0.967> 0.9, 
appears significant negative correlation, P<0.001, 
difference has significance. Histological grade of BC 
has a positive correlation with the D*mono value 
measured by single index model, the correlation            

coefficient r = 0.938 > 0.9, appears significant positive 
correlation, P<0.001, difference has significance; has 
a negative correlation with the D* bi value measured 
by double index model, correlation coefficient r = 
0.978 > 0.9, appears significant positive correlation; 
P<0.001, difference has significance (table 2). 

 

Relationship between IVIM parameters and             
immunohistochemical markers of BC 

Thirty-three patients, with single lesion, were 
pathologically confirmed as invasive ductal                
carcinoma. Among them, the estrogen receptor (ER) 
positive, progesterone receptor (PR) positive and 
human epidermal growth factor receptor 2 (HER-2) 
positive patients were 26, 18 and 6, respectively. The 
D-mono value in ER-positive was higher than that in 
ER-negative group (3.09 ± 0.37 vs 1.03 ± 0.09, 
P=0.0095). No difference in D* mono, f mono, D bi, 
D*bi and f-bi between ER positive and negative              
patients was found. IVIM parameters had no                   
significant correlation with the expression of PR and 
HER-2 (table 3).  
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Parameters 
Histologic grade of breast cancer   

 P I II III 
D mono(×10–3mm2/s) 

D* mono(×10–3mm2/s) 

f mono(%) 
D bi(×10–3mm2/s) 

D* bi(×10–3mm2/s) 

f bi(%) 

4.27±0.42 
1.03±0.12  

23.96±6.25 
1.22±0.10 
7.06±0.71 

28.54±7.27 

2.31±0.3 
9.24±1.25 

29.20±7.09 
0.71±0.14 

36.93±1.07 
34.06±4.96  

00.92±0.17 
23.57±1.01  
30.59±8.67 
0.31±0.14 

139.27±7.95 
36.20±8.30 

0.000 
0.000 
0.160 
0.000 
0.000 
0.061 

Table 2. IVIM parameters be processed by using single factor analysis of variance method. 

Abbreviation: f, perfusion fraction; D, pure diffusion coefficient, D*, pure diffusion coefficient. P<0.05 was 
deemed statistically significant. 

    n D-mono P D*-mono P f-mono P D-bi P D*-bi P f-bi P 
ER Positive 26 3.09±0.37 0.0095 10.07±3.36 0.467 30.54±3.16 0.261 0.80±0.11 0.542 37.89±14.19 0.067 35.14±2.96 0.250 
  Negative 7 1.03±0.09   14.91±5.26   23.00±6.01   0.64±0.29   100.1±32.33   27.81±5.86   

PR Positive 18 2.54±0.62 0.985 11.67±4.34 0.687 29.87±3.76 0.621 0.79±0.16 0.696 60.95±24.37 0.687 34.73±2.59 0.551 
  Negative 15 2.52±0.53   9.36±3.55   26.81±4.75   0.71±0.17   47.54±19.61   31.24±5.39   

Her-2 Positive 6 3.02±0.80 0.376 8.47±5.25 0.338 33.78±6.33 0.279 0.51±0.12 0.185 72.15±36.86 0.424 37.18±1.65 0.392 
  Negative 27 2.26±0.43   14.34±3.16   26.50±3.12   0.85±0.13   44.96±13.63   31.63±3.62   

Table 3. Relationship between IVIM parameters and immunohistochemical markers of breast cancer. 

Abbreviation: f, perfusion fraction; D, pure diffusion coefficient, D*, pure diffusion coefficient; ER, estrogen receptor, PR, progesterone receptor; 
HER-2, Human epidermal growth factor receptor 2. P<0.05 was deemed statistically significant. 

Parameters 
Histologic grade of breast cancer   

 P I II III 
D mono(×10–3mm2/s) 

D* mono(×10–3mm2/s) 

f mono(%) 
D bi(×10–3mm2/s) 

D* bi(×10–3mm2/s) 

f bi(%) 

4.27±0.42 
1.03±0.12  

23.96±6.25 
1.22±0.10 
7.06±0.71 

28.54±7.27 

2.31±0.3 
9.24±1.25 

29.20±7.09 
0.71±0.14 

36.93±1.07 
34.06±4.96  

00.92±0.17 
23.57±1.01  
30.59±8.67 
0.31±0.14 

139.27±7.95 
36.20±8.30 

0.000 
0.000 
0.160 
0.000 
0.000 
0.061 

DISCUSSION 
 

In recent years, the morbidity of BC has become 
the highest in all kinds of cancer in our country’s 
women as well as a fledgling trend. So far, the latest 
figures published by the National Cancer Registry of 
China reported the number of BC in China has 
reached 249 thousand, and the number in the urban 
area is relatively more. BC has been the most             
common disease among the women who resided in 
the cities in China, with the disease incidence being 
about 46.74/100 thousand. According to the figures 
released by the National Cancer Registry, in a decade, 
the incidence has been a general uptrend both in the 
cities and countryside. Especially in the countryside, 

the incidence of BC has risen far more than in cities, 
owing to its low levels in the village (17). As a result, 
the treatment effects and prognosis of BC would be a 
significant topic among clinicians. The assessment of 
BC’s therapeutic effects and prognosis before the 
treatment is an urgent demand of both doctors and 
patients. In this study, IVIM-DWI combined with            
single index and double index, to the preoperative 
grading of BC. And the results revealed that there was 
a statistical significance of the difference between 
parameters including D mono, D* mono, D bi and D* 
bi and BC grades, and D mono value was found to be 
higher in ER-positive than ER-negative group. 

Histopathological classification of BC is consid-
ered to be an important factor influencing the        
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treatment effect and prognosis of BC. If the                
histological grade is higher, the early treatment is 
easier to be fair and the overall survival rate is lower 
and the prognosis is worse. Bloom and Richardson 
founded the comprehensive classification method in 
1959, which adopted three parameters to grade. 
Classification has a clear relationship with 5, 10 and 
15 years of survival rate (18). Several studies have 
shown that invasive ductal carcinoma with high 
grade or poor differentiation has obviously higher 
rate of lymph node metastasis, recurrence and               
mortality than those with low grade or rich              
differentiation (19, 20). Some scholars even believed 
that without considering the clinical classification, 
histological grading had a significant impact on the 
mortality and survival length of the patients (21, 22). 
Histological grading can do a biopsy, but the                   
pathological examination is invasion for the invasive 
carcinoma, the highest incidence group in BC. Hence, 
noninvasive examination by imaging has always been 

the aim of the medical profession. With the                   
improvement of magnetic resonance equipment and 
the post-processing software, MRI techniques have 
been developed to the direction of equal emphasis on 
form and function. The morphological and functional 
parameters provided by MRI can reflect the biology 
prognosis of the carcinoma to some extent. At                
present, breast’s MRI examination has been widely 
used in clinical. The magnetic resonance DWI can 
technology and irrelevant movement within the voxel 
imaging (IVIM) technology has attracted more and 
more attention in recent year (23, 24). Traditional DWI 
can detect the diffusion of the water molecules in or-
ganization through ADC, and the mathematical model 
is the single index model:  
S(b)=S0·exp(-b×ADC). 

Where; S (b), diffusion-weighted signal strength; 
S0, not applying diffusion gradient signal strength; b, 
diffusion sensitive factor. Usually being used for data 
processing of double b value (b = 0 and others).  

830 Int. J. Radiat. Res., Vol. 21 No. 4, October 2023 

Figure 1. The images of MRI scanning for patients with grade I breast cancer. Thirty-eight years old female patients with right breast 
invasive cancer at grade I. (1A) T2WI sequence of fat suppression. (1B) The corresponding gray-scale image when selecting ROI. (1C, 

1D) The IVIM parameters of this patient: D-mono = 0.00423; D*-mono = 0.00105; f-mono = 0.26335; D-bi = 0.00121; D*-bi = 
0.00711; f-bi = 0.27714. f, perfusion fraction; D, pure diffusion coefficient, D*, pure diffusion coefficient. 

Figure 2. The images of MRI scanning for patients with grade II breast cancer. Fifty-two years old female patients with left breast 
invasive cancer at grade II. (2A) T2WI sequence of fat suppression. (2B) The corresponding gray-scale image when selecting ROI. 
(2C, 2D) The IVIM parameters of this patient: D-mono = 0.00231; D*-mono = 0.00921; f-mono = 0.30531; D-bi = 0.00071; D*-bi = 

0.03691; f-bi = 0.33916. 

Figure 3. The images of MRI scanning for patients with grade III breast cancer. Forty-two years old female patients with left breast 
invasive cancer at grade III. (3A) T2WI sequence of fat suppression. (3B) The corresponding gray-scale image when selecting ROI. 
(3C, 3D) The IVIM parameters of this patient: D-mono = 0.00092; D*-mono = 0.02355; f-mono = 0.30889; D-bi = 0.00028; D*-bi = 

0.13884; f-bi = 0.32264. 
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The single index model of traditional DWI is               
different from the single index model of traditional 
IVIM in our present study. The single index model in 
our study is referred to as the single index model 
which is used for post-processing of IVIM data. In the 
software of Functool, when using a single exponential 
model, data which is collected by IVIM are divided 
into high-value b and low-value b two parts, and the 
high-value part b (200 s/b > mm squared) is used to 
fit the slow spread of ADC, while the low-value b part 
is simply used to fit the rapid spread of ADC. 

For biological tissue, the movement of water             
molecules mainly has two aspects: one is the                  
diffusion of water molecule movement, namely the 
Brownian motion and it is related to the                       
organization’s physical characteristics, which can be 
used to describe the organization's features; the            
other is microcirculation in the capillary network, 
namely perfusion. In terms of the voxel level, when 
applying the diffusion-sensitive gradient, perfusion 
can also cause voxel proton group phase within the 
irrelevant due to the capillary network of                       
pseudo-random distribution of organs, which can 
cause ADC values on the high side (25, 26). If there is 
only the diffusion of water molecules in voxel, the 
measured ADC values should be the same as the           
diffusion coefficient D values. However, the measured 
IVIM/ADC values in the body often tend to be higher, 
owing to ADC value having both water molecular  
diffusion and the composition of blood perfusion. 
IVIM can be used to quantify the two kinds of motion 
components in DWI imaging. 

In 1986, Le Bihan et al defined the concept of the 
IVIM firstly, which can be used to quantify how b  
value of DWI imaging to quantitatively analyze the 
movement of the water molecules diffusion and           
microcirculation perfusion through analysis multi b 
value DWI imaging by applying IVIM model (12). The 
mathematical model for the double exponential  
model: 
S(b)/S0 =(1-f)·exp(-b×D)+f·exp[-b(D+D*)]. 

S (b), the diffusion-weighted signal strength; S0, 
not applying diffusion gradient signal strength; B, 
diffusion sensitive factor; F, filling fraction (perfusion 
fraction), on behalf of the voxel in microcirculation 
perfusion diffusion effect overall diffusion effect of 
volume rate; D*, pseudo-diffusion coefficient and it is 
on behalf of diffusion motion related to                     
microcirculation perfusion in voxel, also called             
perfusion related diffusion or fast pool diffusion; D, 
slow diffusion coefficient, which is on behalf of just 
water molecular diffusion in voxel, also called slow 
pool diffusion.  

IVIM double exponential model can be used to 
analyze multi b value of DWI, then we can get               
perfusion parameters and related parameters (f, D*) 
and diffusion (D), which can quantify the two kinds of 
motion components in DWI images. 

At present, IVIM-DWI sequence, based on this 

theory, has obtained good application in mammary 
gland disease, but the study is rarely reported in the 
literature for IVIM-DWI combined with single index 
and double index, to the preoperative grading of           
invasive BC. We aimed to discuss if the D mono value, 
D* mono value, f mono value, D bi value, D* bi value 
and the f bi value respectively measured by                    
IVIM-DWI combined with single and double index 
models are related to the classification of invasive BC. 

If the degree of malignancy of BC is higher, the cell 
proliferation is more strongly, the cell density is  
higher, the extracellular volume will be less, the more 
immature tumor vessels. As a result, MRI image        
signal has changed and the parameter value of IVIM 
sequence has been different (27, 28).In this study, with 
the increase of breast malignant degree, D mono          
value and D bi value have been smaller and smaller 
and negative correlation, while the D * mono value 
and D* bi value have been a more and more and              
positive correlation, which is consistent with the  
Costantini etc ’s conclusion that the ADC is related to 
the grading of tumor and the cell structure (29). Han 
Shuai etc. found that D* value and D value are            
different in the degree of differentiation of rectal  
cancer, indicating D* value and D values all                
contribute to preoperatively evaluating the             
malignant degree of rectal cancer. Further analysis 
found that D value in IVIM can be more objective and 
more accurate to assess the water molecular               
diffusion of tumor tissue and more helpful to assess 
the malignant degree of rectal cancer before                 
operation, compared with the traditional ADC values; 
we can preliminary considered that the lower the 
IVIM parameter D is, the higher the rectal cancer  
malignant degree is, the worse the patient’s                  
prognosis is. The results show that BC also conforms 
to this law. This study found that D mono value and D 
bi value respectively measured by IVIM single and 
double index model were negatively correlated with 
tumor grade, consistent with the above findings. Its 
correlation coefficient was r=-0.930 and r=-0.967 
which was analyzed by the Spearman rank                  
correlation. And according to it, the correlation is 
greatly improved compared with the ADC value 
measured by the traditional DWI. Therefore, the 
measured D value, excluding the effect of tissue           
microcirculation perfusion, can be better than the 
traditional ADC values to identify the malignant            
degree of BC, which also provides a more reliable 
imaging diagnostic method for the classification of 
BC’s malignant degree. Furthermore, this study 
demonstrated that the D-mono value in the subtype 
of ER-positive was higher than ER-negative group but 
there was no difference in other parameters between 
ER-positive and negative patients, and IVIM                  
parameters had no significant correlation with the 
expression of PR and HER-2. This finding was similar 
to the previous reports(30). However, this research 
also has some shortcomings. For example, the sample 
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size studied is a little small, especially the cases of I 
and III are relatively small, so the results of this study 
have some deviation. Hence, we need to continue to 
enlarge the sample size, and in this way, we can             
further figure out the correlation between IVIM             
parameters and BC grading. 

In conclusion, this present study revealed that 
there was statistical significance between different 
grading or ER subtyping of BC and IVIM parameters 
based on single index and double index. IVIM-MRI 
techniques do not need to contrast medium and are 
easy to operate. Therefore, the IVIM-MRI technology 
could be more widely used in the field of BC grading 
and subtyping, providing more reliable image data. 
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