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Introduction

Diffusion-weighted imaging (DWI) is sensitive to the 
Brownian motion of water molecules and provides 
a quantitative measure of the microscopic cellular 
environment without a need for an exogenous contrast 
agent. In oncologic imaging, restricted diffusion has been 
found to correlate with increased cellularity in the tumor 

tissue (1-3). The degree of sensitivity of DWI images to 
water diffusion is controlled by a user-selectable parameter 
known as the b value, which is expressed in unit of s/mm2. 
Because tissues with high T2 may also appear hyperintense 
on DWI images, a quantitative map of apparent diffusion 
coefficient (ADC) can be calculated from two or more 
DWI images of different b values to remove the T2 “shine-
through” effects (4). The pixel value of a quantitative ADC 
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map is a measure of the average squared displacement of a 
water molecule within the pixel through diffusion per unit 
time and is expressed in unit of mm2/s (5). 

In an ideal case of a single isotropic diffusion, the signal 
intensity of the DWI images decays exponentially as a 
function of the b value, and ADC can be determined with 
two DWI images acquired at any two different b values. 
However, DWI images generated at low b values may be 
affected by non-diffusion phenomena, such as microcapillary 
perfusion or intravoxel incoherent motion (IVIM) of 
water molecules in the circulating blood (6,7). Although 
a DWI image with a larger b value is more sensitive to 
water diffusion and may provide a better contrast between 
malignant and benign tissue than a DWI image with a lower 
b value, a high b value also results in an overall decreased 
signal-to-noise ratio (SNR) and may render the calculation 
of ADC inaccurate and unreliable (5,8).

There is currently no consensus in regard to which b 
value would yield the best diagnostic performance for the 
detection and characterization of breast malignancy (9).  
While some investigators have suggested that higher 
quality DWI and ADC maps are achieved with a b value of  
850 s/mm2 (10), others have concluded that high b values 
(e.g., 1,500) result in better image contrast between various 
malignant breast lesions, ductal carcinoma in situ (DCIS), 
and benign lesions (11,12). Previous reports also suggest 
a higher lesion conspicuity for breast MRI using a 3.0-T  
magnetic field strength (B0) when compared to using a 
1.5-T field strength (13). However, it is not clear whether 
3.0 T would have a significant effect on the diagnostic 
performance of DWI in differentiating malignant from 
benign breast lesions. 

We undertook the study to determine the optimal 
thresholds of ADC in breast DWI and to evaluate the effect 
of the magnetic field strength and b value of breast DWI 
images on the sensitivity and specificity to differentiate 
malignant from benign breast lesions. 

Methods 

This study was conducted as a clinical performance quality 
improvement (PQI) project to optimize the image quality 
of our institution’s routine breast MRI. Approval for 
retrospective chart review was obtained from the Institutional 
Review Board (IRB) and HIPPA compliance was strictly 
adhered to (No. DR11-0048). Two DWI sequences using b 
values of (0, 1,000) and (0, 1,500) s/mm2 were added to all 
clinical breast MRI studies that included conventional fat-

suppressed T2-weighted sequence and dynamic contrast-
enhanced T1-weighted sequences for the purpose of 
determining the optimal protocol for standard of care. The 
patients were randomly assigned to one of the four MRI 
scanners (GE Healthcare Technologies, Waukesha, WI, 
USA) that were in use at our institution for clinical breast 
MRI studies based on which scanner was available at the 
time of the examination. Two of the four scanners had a 
field strength of 1.5 Tesla and the other two scanners were 
3.0 Tesla. All the scanners were equipped with the twin-
resonance-module (TRM) gradients and were operating 
at the HDxt 16.0 software platform. All studies used an 
eight-channel high-density dedicated bilateral breast 
radiofrequency (RF) coil (GE Healthcare Technologies, 
Waukesha, WI, USA). Both DWI sequences were based 
on single shot echo-planar imaging (EPI), with a parallel 
imaging acceleration factor of two along the phase encode 
direction (left/right). The scan parameters are listed as below 
and were kept identical for the two sequences and at the 
two field strengths except as noted: TR =4,500–5,000 ms,  
TE =71–73 ms (when b value =1,000 s/mm2) and TE 
=78–80 ms (when b value =1,500 s/mm2), receiver 
bandwidth =±250 kHz, FOV =28–36 cm, slice thickness/
gap =4–5 mm/0; acquisition matrix =160×224 at 1.5 T  
and acquisition matrix =160×256 at 3.0 T, number of signal 
average (NEX) =4, and the total acquisition time was around 
4 minutes for each sequence depending on the required 
spatial coverage. The MRI studies were reviewed by two 
dedicated breast radiologists with breast MRI experience of 
12 and 11 years, respectively. Inclusion criteria for the study 
were technically acceptable DWI image quality, availability 
of ADC maps, and availability of histopathology from MRI-
guided or second-look ultrasound-guided biopsy when a focal 
lesion was seen. In patients with no focally enhancing lesions, 
a minimum of 2 years of clinical and imaging follow-up was 
available. Exclusion criteria were significant artifacts (e.g., 
geometric distortion, poor fat suppression) limiting lesion 
evaluation on DWI images (n=25, 13%), bilateral transverse 
rectus abdominis myocutaneous flap reconstruction (n=4, 
2%), and bilateral breast cancer (n=1, 0.5%) with a lack of 
normal breast tissue as reference. 

The studies meeting the inclusion criteria were divided 
into two groups based on the presence or absence of a 
focally enhancing lesion on the dynamic contrast enhanced 
images. If the breast MRI demonstrated an enhancing 
lesion, the radiologists visually evaluated the ADC and DWI 
images of the lesion, outlined a round region of interest 
with an area of ~1 cm2 over the lesion, and measured the 



376 Eghtedari et al. Quantitative breast DWI

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2016;6(4):374-380qims.amegroups.com

mean ADC values (ADCmean) of the lesion on both ADC 
maps that were generated from the two DWI sequences 
using b value = (0, 1,000) or b value = (0, 1,500) s/mm2, 
respectively. In the same patients, a round region of interest 
was similarly outlined over normal glandular breast tissue 
in a corresponding area of the contralateral breast, and the 
ADCmean for the normal tissue region was also recorded. If 
the breast tissue in the breast MRI images was considered 
normal with no abnormal enhancing lesion on the dynamic 
enhanced images, a similar approach was taken: a round 
region of interest of approximately 1 cm2 was outlined over 
an area representing normal glandular breast tissue, and the 
ADCmean values from both ADC maps were recorded. 

Measured ADC values were stratified by malignant (with 
a biopsy-proven malignancy), benign (with a biopsy-proven 
benign lesion) histopathology, or normal breast tissue. For 
statistical analysis, we considered the healthy contralateral 
breasts of patients who had unilateral breast lesions as 
the normal breast tissue and included the corresponding 
ADCmean values in the pool of normal breast measurements. 
Paired and unpaired t-tests and analysis of variance 

(ANOVA) were performed to compare ADCmean values. 
Youden’s J statistic was used to calculate the optimal ADC 
threshold separately for the two DWI sequences in terms 
of diagnostic accuracy (14). McNemar’s test was used to 
compare the diagnostic accuracy of the two DWI sequences 
with the optimal ADC thresholds. A generalized estimating 
equations (GEE) model using the logit link was used to 
estimate the probability of a malignant lesion from a benign 
lesion or normal breast tissue as a function of B0 and the 
b values (1,000 and 1,500 s/mm2) while accounting for the 
repeated lesion correlation observed for repeated b values 
within a patient. Lesions were treated independently, and 
the model was used to account for dual imaging by different 
b values. All statistical analyses were performed using the 
SAS 9.3 software package for Windows.

Results

Eighty-six (68%) of the included MRI examinations were 
performed on 1.5 T scanners, and 40 (32%) were performed 
on 3.0 T scanners (Table 1). The median patient age was 
47 years (range, 32–81 years). Eighteen (14%) patients had 
benign lesions [median size (range), 1.5 (0.6–2.7) cm], 33 
(26%) patients had biopsy-proven malignant lesions [median 
size (range), 2.75 (0.5–14.0) cm], and 75 (60%) patients had 
normal breast MRI results (Table 1). Since we also recorded 
the contralateral ADCmean measurement from the normal-
appearing breast in patients with benign (n=18) or malignant 
(n=33) lesions, we had a total of 18 benign measurements, 
33 malignant measurements, and 126 normal breast tissue 
measurements for the statistical analyses.

Regardless of B0 and the type of lesions, the value 
of ADCmean was significantly lower when a b value of  
1,500 s/mm2 was used when compared to when a b value 
of 1,000 s/mm2 was used (Table 2, Figure 1). For malignant 
lesions, no significant difference was observed in the ADCmean 
values by the lesion type (ANOVA P>0.05, Figure 2). When 
the area under the receiver operating characteristic (ROC) 
curve was maximized, the optimal ADCmean threshold 
for the b value of 1,000 s/mm2 was 1.235×10–3 mm2/s  
(sensitivity =93.9, specificity =91.7). The area under the 
ROC curve was 0.95 (Delong’s 95% confidence interval: 
0.88–1.00). Similarly, the optimal ADCmean threshold for the 
b value of 1,500 s/mm2 was 0.934×10–3 mm2/s (sensitivity 
=81.8, specificity =97.2). The area under the ROC curve was 
0.93 [Delong’s 95% confidence interval (CI): 0.87–0.99]. 
Using these optimal thresholds, a GEE model was used 
to evaluate the effects of the selected b value or B0 on the 

Table 1 Histopathology of 18 benign and 33 malignant lesions and 
126 normal glandular tissues in the breast

Lesion type Histopathology N

Benign Fibrocystic changes 11

Pseudoangiomatous stromal hyperplasia 2

Fibroadenoma 2

Galactocele 1

Atypical ductal hyperplasia 2

Malignant Invasive ductal carcinoma (IDC) 18

Ductal carcinoma in situ (DCIS) 4

Invasive lobular carcinoma (ILC) 7

Mixed carcinoma 1

Malignant papillary lesion 1

Inflammatory breast cancer 2

Normal 
breast*

Normal glandular breast tissue 126**

*, a normal breast was defined by lack of an enhancing lesion on 
dynamic contrast enhanced images and at least 2 years of clinical  
and imaging follow-up to demonstrate continued lack of lesion; 
**, the pool of normal breast measurements was composed of 
one breast from each of the 75 patients with no lesion on MRI, 
the contralateral normal breasts of 18 patients with benign  
lesions, and the contralateral normal breasts of 33 patients who 
had unilateral malignant lesions. 
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Table 2 Summary of measured ADCmean by magnetic field strength and breast histopathology

Lesion status Field strength N [%]
ADCmean ×10–3 mm2/s (standard deviation)

P value
b =1,000 b =1,500

Benign lesion All 18 [100] 1.46 (0.30) 1.31 (0.29) <0.0001

1.5 T 12 [67] 1.43 (0.35) 1.27 (0.33) 0.0023

3 T 6 [33] 1.53 (0.16) 1.39 (0.17) 0.0030

Malignant lesion All 33 [100] 0.96 (0.24) 0.85 (0.23) <0.0001

1.5 T 24 [70] 0.94 (0.25) 0.82 (0.23) <0.0001

3 T 9 [30] 1.00 (0.25) 0.92 (0.25) 0.0099

Normal breast All 126 [100] 1.50 (0.21) 1.33 (0.19) <0.0001

1.5 T 86 [68] 1.49 (0.22) 1.31 (0.20) <0.0001

3 T 40 [32] 1.54 (0.18) 1.37 (0.15) <0.0001

ADC, apparent diffusion coefficients.

Figure 1 The ADCmean values calculated using two different b 
values for different types of lesions. Error bars correspond to the 
95% confidence interval of the average ADCmean. Malignant lesions 
demonstrated lower ADCmean values than benign lesions or normal 
breast tissue regardless of the selected b values. DWI images at b 
value =1,500 s/mm2 yielded significantly lower average ADCmean 
values than b value =1,000 s/mm2 for all breast tissue types. ADC, 
apparent diffusion coefficients; DWI, diffusion-weighted imaging.

Figure 2 ADCmean in different malignant lesions (DCIS; IDC; 
ILC), stratified by b values (1,000 and 1,500 s/mm2). Error bars 
correspond to 95% confidence intervals of the ADCmean values. 
The ANOVA analysis did not show any significant differences 
between tumor types at either b value. ADC, apparent diffusion 
coefficients; DCIS, ductal carcinoma in situ; IDC, invasive ductal 
carcinoma; ILC, invasive lobular carcinoma; ANOVA, analysis of 
variance.
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diagnostic performance of DWI (Table 3). The calculated 
odds ratio were 1.96 for B0 of 1.5 versus 3.0 Tesla (P value 
=0.26) and 0.69 for the b value of 1,000 versus 1,500 s/mm2 (P 
value =0.28). The GEE analysis did not show any statistically 
significant difference in diagnostic performance among the 
different combinations of the b values (1,000 or 1,500 s/mm2)  
and magnetic field strength (B0 =1.5 or 3.0 T). The 
performance of using the optimal ADCmean to differentiate 
benign from malignant lesions had high diagnostic accuracies 
ranging from 90% to 96% for the different combinations of 
B0 and b values (Table 4). The highest diagnostic accuracy of 

96% was achieved for the b value of 1,000 s/mm2 at 3.0 T. 

Discussion

Using DWI images acquired at two different magnetic field 
strengths and at two different b values from the same group 
of patients in the same imaging session, we determined the 
optimal cutoff ADC values and compared the effect of the 
b value and B0 on the diagnostic performance of DWI in 
differentiating benign from malignant breast lesions. Our 
results showed significantly lower ADCmean values when using 
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Table 3 Generalized estimating equations (GEE) model for  
evaluating the effect of selected b value or B0 on diagnostic  
performance of breast DWI

Variables OR* 95% CI for OR P value

B0

1.5 T – – –

3.0 T 1.96 (0.61, 6.29) 0.2583

b value

1,000 – – –

1,500 0.69 (0.36, 1.35) 0.2818

*, the optimal calculated ADC thresholds of 1.235 and 0.934 
were used for b value of 1,000 and b value of 1,500 s/mm2, 
respectively. DWI, diffusion-weighted imaging; ADC, apparent 
diffusion coefficients; OR, odds ratio; CI, confidence interval.

Table 4 The optimal diagnostic performance of breast DWI to differentiate malignant from benign lesion or normal breast tissues when acquired 
at different b values (b =1,000 and b =1,500 s/mm2) and at different B0 (1.5 and 3.0 T)

Method ADC threshold B0 Benign lesion* Normal breast* Malignant lesion Sensitivity Specificity Accuracy

b =1,000 1.235 All 18 126 33 0.94 0.92 0.92

1.5 T 12 86 24 0.96 0.89 0.90

3.0 T 6 40 9 0.89 0.98 0.96

b =1,500 0.934 All 18 126 33 0.82 0.97 0.94

1.5 T 12 86 24 0.88 0.96 0.94

3.0 T 6 40 9 0.67 1.00 0.95

*, for statistical analysis, benign lesions and normal breast measurements were pooled together and were evaluated against malignant  
lesions. DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficients.

b =1,500 s/mm2 compared to when using b =1,000 s/mm2  
in all measured tissues similar to a previous report (12). 
Even for tissues with a mono-exponential dependence on 
diffusion, the ADC value measured using only two b values 
is known to be affected by the baseline SNR, the true tissue 
ADC, and the selected high b values (5). The increased 
noise floor in the DWI image at high b values can lead to a 
systematic bias in estimating the signal reduction due to true 
diffusion and therefore result in a lower measured ADC. The 
fact that significantly lower ADCmean values were found in 
the same patients in our study when using b =1,500 s/mm2 
compared to when using b =1,000 s/mm2 and that reduced 
SNR was consistently noted in images at the higher b value 
(Figure 3) indicates that the measurement of ADC in breast 

Figure 3 Breast MRI of a 43-year-old female with invasive mammary carcinoma. (A) DWI image at the level of a known mass acquired with 
b value =1,000 s/mm2; (B) DWI image at the level of the known mass acquired with b value =1,500 s/mm2 showing lower signal to noise 
ratio by visual inspection; (C) the ADC map calculated using b value =1,500 s/mm2 with an overlying ~1 cm round region of interest. DWI, 
diffusion-weighted imaging; ADC, apparent diffusion coefficients.

A B C
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MRI was becoming noise-limited at b =1,500 s/mm2 for 
the scan protocols we used. Separately, we found that the 
optimal ADC threshold for differentiating a malignant from 
a benign lesion or normal breast tissue was lower for the 
DWI images with higher b values (1.235×10–3 mm2/s for  
b value =1,000 s/mm2 and 0.934×10–3 mm2/s for b value 
=1,500 s/mm2). Using the optimal ADC threshold for 
our b values, we found no significant difference between 
the selected b values or B0 for the diagnostic accuracy of 
using the ADCmean to differentiate malignant from benign 
or normal tissues. Despite a consistent trade-off between 
sensitivity and specificity when using b value =1,500 s/mm2,  
the overall diagnostic accuracy remained unchanged when 
compared to using b value =1,000 s/mm2. The highest 
diagnostic accuracy of 96% was achieved when using b value 
=1,000 s/mm2 at an ADC threshold of 1.235×10–3 mm2/s; 
similar diagnostic accuracy could be achieved when using 
b value =1,500 s/mm2 at a threshold of 0.934×10–3 mm2/s 
although the sensitivity became significantly worse. 

DWI has been found useful in differentiating benign 
from malignant breast lesions (6,9). The contrast and 
signal intensity of a DWI image are dependent on the 
selected b value. However, the b value that yields the best 
breast lesion differentiation is still under investigation. In 
addition, there is limited information on the effect of B0 on 
the diagnostic accuracy of ADC maps at different ADCmean 
thresholds. Bogner et al. studied the impact of different b 
values from 250 to 1,000 s/mm2 and found that breast DWI 
could differentiate malignant from benign lesions with 
high diagnostic accuracy of 95% using a b value of 850 s/
mm2 and an ADC threshold of 1.25×10–3 mm2/s (10). They 
reported in the same study that the ADC differentiation 
and mean contrast-to-noise ratio of DWI for benign and 
malignant lesions reached a maximum at a b value of 850 s/
mm2. Although similar conclusions were reported by others 
(6,15-17), Woodhams et al. demonstrated that a larger b 
value of 1,500 s/mm2 may result in a better contrast ratio 
between invasive tumors, DCIS, and benign lesions (12). 
Yet, the studies by Pereira et al. (16) and by Chen et al. (17) 
both reported no statistically significant differences between 
the ADC values from the different combinations of b values. 
In a recent meta-analysis of the data from the literature 
search, Dorrius et al. (18) found that the median ADC 
values of the different breast tissue types were significantly 
higher for b values ≤600 s/mm2 than for b values of ≥600 
s/mm2. To our knowledge, no study has investigated the 
effect of B0 on the breast ADC measurements and on 
differentiating benign from malignant breast lesions. 

Our study has several limitations. First, each patient 
should ideally have been examined on both 1.5 and 3.0 T 
while keeping everything else the same to better evaluate 
the effect of B0 on the measured ADC values. However, 
such an approach is not practical when evaluating patients 
undergoing actual clinical imaging. Second, a region of 
interest was manually outlined over the lesion and excluding 
the T2-hyperintense areas whenever possible. Although 
the measurement was performed by two experienced breast 
radiologists, subjective variability could not be completely 
removed in the resulting ADC measurement, especially 
for small DCIS lesions, which may have contributed to the 
relatively large error bars in Figure 2. Finally, the number 
of patients in each group was limited, with relatively low 
statistical power in our analyses (12% for the effect of B0 
and 9% for the effect of b values).

The calculation of ADC in our study relied on using DWI 
images with a b value of 0 in all cases. The signal intensity 
of low b value DWI images may, in general, be affected by 
the blood vessel microperfusion or IVIM contributions. 
While it is unclear how significant this effect was for the 
breast lesions we studied, Baron et al. (19) reported that 
microperfusion is minimal and does not affect ADC values 
in breast fibroglandular tissues. At the time of our image 
acquisition, the DWI software on our scanners did not offer 
the flexibility of selecting multiple non-zero b values. Future 
studies that include a small non-zero b value (e.g., 100 s/mm2)  
and thus help minimize the IVIM contribution may be 
performed to exclude the potential complication. 

In summary, we examined the diagnostic performance and 
the effect of B0 and b values of DWI for differentiating benign 
from malignant breast lesions by acquiring and analyzing 
breast DWI images at the b values of 1,000 and 1,500 s/mm2 
and at B0 of 1.5 and 3.0 T. With the optimal ADC thresholds, 
our results show that a very high diagnostic accuracy of 
96% (and sensitivity of 89% and specificity of 98%) can 
be achieved by DWI for breast lesion differentiation. 
Our results also show that neither b value nor B0 is a 
statistically significant factor for its diagnostic performance, 
although DWI images at a b value of 1,000 s/mm2  
have better SNR and may provide more accurate and more 
reliable measurement of ADC when compared to the images 
acquired at a b value of 1,500 s/mm2. 
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