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Abstract

Purpose—To study the differentiation of malignant breast lesions from benign lesions and 

fibroglandular tissue (FGT) using apparent diffusion coefficient (ADC) and intravoxel incoherent 

motion (IVIM) parameters.

Materials and Methods—This retrospective study included 26 malignant and 14 benign breast 

lesions in 35 patients who underwent diffusion-weighted MRI at 3.0T and nine b-values (0–1000 

s/mm2). ADC and IVIM parameters (perfusion fraction fp, pseudodiffusion coefficient Dp, and 

true diffusion coefficient Dd) were determined in lesions and FGT. For comparison, IVIM was 

also measured in 16 high-risk normal patients. A predictive model was constructed using linear 

discriminant analysis. Lesion discrimination based on ADC and IVIM parameters was assessed 

using receiver operating characteristic (ROC) and area under the ROC curve (AUC).

Results—In FGT of normal subjects, fp was 1.1 ± 1.1%. In malignant lesions, fp (6.4 ± 3.1%) 

was significantly higher than in benign lesions (3.1 ± 3.3%, P = 0.0025) or FGT (1.5 ± 1.2%, P < 

0.001), and Dd ((1.29 ± 0.28) × 10−3 mm2/s) was lower than in benign lesions ((1.56 ± 0.28) × 

10−3 mm2/s, P = 0.011) or FGT ((1.86 ± 0.34) × 10−3 mm2/s, P < 0.001). A combination of Dd 

and fp provided higher AUC for discrimination between malignant and benign lesions (0.84) or 

FGT (0.97) than ADC (0.72 and 0.86, respectively).

Conclusion—The IVIM parameters provide accurate identification of malignant lesions.
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DIFFUSION-WEIGHTED (DW) magnetic resonance imaging (MRI) and measurements of 

the apparent diffusion coefficient (ADC) have proven useful in the detection and 

characterization of cancer (1). The ADC is sensitive to tissue cellularity and is usually lower 

in malignant tumors, in which water diffusion is more restricted because of the increased 

cell density and reduced extracellular space compared to the normal tissue. DW images may 

also reflect perfusion effects, as the microscopic blood flow in a randomly oriented capillary 

network creates a pseudodiffusion contribution to the DW signal. This effect, known as the 

intravoxel incoherent motion (IVIM) (2), has been observed in a variety of well-vascularized 

tissues, including brain, liver, pancreas, kidney, muscle, and placenta (3–8). The IVIM 

measurements have been reported in liver lesions (9), prostate cancer (10), and head and 

neck cancer (11,12) and used to differentiate pancreatic tumors (5) and salivary gland 

tumors (12). The IVIM component may reduce the accuracy of cancer differentiation using 

ADC by introducing a positive bias proportional to the perfusion fraction (13) into the ADC 

values and increasing their variability and dependence on the choice of the diffusion-

weighting factors, or b-values (14,15). The b-value scheme also strongly affects the IVIM 

parameters and the separation between their values in cancer and normal tissue when the 

number of b-values is small (10). Therefore, the reliability of the IVIM measurements 

achievable in clinical practice and their usefulness in cancer diagnosis need to be further 

evaluated.

In the diagnosis of breast lesions, DW imaging may be used as an adjunct technique to the 

contrast-enhanced MRI, which provides high sensitivity, but limited specificity (16). 

Differentiation between malignant and benign breast lesions based on ADC has been shown 

to achieve a sensitivity of 85–95% and a specificity of 50–90% (15,17–21). Perfusion effects 

are negligible in the DW signal of normal breast parenchyma, as shown by Baron et al (22) 

in healthy volunteers, but can be appreciable in breast cancer (15,23). In patients with 

locally advanced breast cancer, Sigmund et al (24) found the average perfusion fraction in 

tumors to be about 10% (range, 3–22%) and demonstrated that the true diffusion coefficient 

provided a better separation between cancer and fibroglandular tissue (FGT) than the ADC. 

In agreement with Baron et al (22), Sigmund et al (24) found that the IVIM contribution in 

normal parenchyma was small; however, neither study reported the perfusion fraction values 

in FGT. Such estimates may be useful as a measure of robustness of the IVIM 

measurements.

The purpose of this study was to use DW MRI at 3.0 T and 1) measure the IVIM parameters 

in breast parenchyma in high-risk normal subjects and determine a range of b-values that 

provide reliable IVIM parameter estimates; 2) determine the IVIM parameters in malignant 

and benign breast lesions and normal parenchyma in patients with breast lesions; and 3) 

assess the ability of the IVIM parameters and ADC to differentiate malignant lesions from 

benign lesions and FGT.

MATERIALS AND METHODS

Patient Selection

This retrospective study was compliant with the Health Insurance Portability and 

Accountability Act and approved by the local Institutional Review Board with a waiver of 
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informed consent. Consecutive patients were included in the study if they underwent 

bilateral breast MRI at 3.0 T at our institution between April 14 and August 21, 2011 for 

evaluation of biopsy-proven breast cancer and/or suspicious lesions, had DW MRI 

performed with at least nine b-values, were not receiving neoadjuvant chemotherapy or 

hormonal therapy at the time of imaging, and had their diagnosis confirmed by 

histopathology. Based on our selection criteria, 41 patients were identified and their MRI 

studies were reviewed by an experienced radiologist who had access to all patient 

information. In every patient, a single largest lesion in each breast was selected, resulting in 

49 lesions (29 malignant and 20 benign). Lesions were excluded if their in-plane dimension 

was smaller than 8 mm (n = 4) or if their DW MR images contained artifacts, such as poor 

fat suppression or susceptibility artifacts from biopsy and surgical clips (n = 5). An 

experienced pathologist analyzed the biopsy specimens and identified the tumor histological 

type (25) as well as the tumor histological grade (26) and nuclear grade (27).

Additionally, we selected 20 consecutive subjects considered high risk who underwent 

screening breast MRI at 3.0 T, including DW MRI with 9 b-values, between April 22 and 

May 2, 2011. Four subjects were excluded (treatment, n = 1; artifacts, n = 3). Among the 

remaining 16 patients (mean age, 57 years; range, 41–75 years; premenopausal, n = 6 [38%]; 

postmenopausal, n = 10 [62%]), 10 had prior lumpectomies, eight had a family history of 

breast cancer, one had a history of mantle radiation therapy for Hodgkin’s lymphoma, and 

one had hereditary breast and ovarian cancer syndrome. At the current MR examination, all 

were free from suspicious findings and received a score of 1 or 2 according to the Breast 

Imaging Reporting and Data System (BI-RADS) (28).

MR Image Acquisition

MRI was performed on a 3.0 T system (Discovery MR750; GE Healthcare, Waukesha, WI) 

using the body coil as a transmitter and a dedicated 16-channel phased-array receiver coil 

(Sentinelle Vanguard; Sentinelle Medical, Toronto, ON, Canada). Conventional T1- and T2-

weighted images were acquired with and without fat suppression. Axial DW MRI was 

performed using DW single-shot dual spin echo sequence with echo-planar imaging readout 

at 9 b-values (b = 0, 30, 60, 90, 120, 400 [450 in seven cases], 600, 800, 1000 s/mm2) with 

the parameters listed in Table 1. Dual shim volumes were placed over both breasts to 

optimize the B0 homogeneity (29). Sagittal T1-weighted dynamic contrast-enhanced (DCE) 

MR images were acquired using volume image breast assessment (VIBRANT) gradient 

echo sequence before and at three points at 60-second intervals after an injection of 0.1 

mmol/kg of gadopentetate dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals, 

Wayne, NJ). Axial T1-weighted CE images were acquired afterwards (Table 1). Parallel 

imaging using the array spatial sensitivity encoding technique (ASSET) was applied during 

acquisition of DW and CE MR images.

Image Analysis

Image analysis was performed in MatLab (MathWorks, Natick, MA). The ADC maps were 

calculated from the DW images at all b-values, assuming monoexponential signal shape:
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[1]

where b is the b-value and S0 is the signal intensity at b = 0. The ADC maps were used 

primarily for locating the lesions and FGT. In the presence of the IVIM effect, the DW 

signal follows the biexponential dependence (3):

[2]

where fp is the perfusion fraction, Dp is the pseudodiffusion coefficient, and Dd is the true 

diffusion coefficient. The parameters fp, Dp, and Dd were estimated using the segmented 

approach proposed by Sigmund et al (24,30), which is preferable in our case, because the 

curve fitting of Eq. (2) to the signal intensity data acquired at relatively few b-values can 

result in large parameter uncertainties. First, the coefficient of true diffusion Dd was 

determined from the data within an interval of higher b-values, bmono, where the IVIM 

component is negligible, using the least squares curve fit: Smono(bmono) = Smono0 

exp(−bmonoDd), where Smono0 = S0 (1−fp). The selection of the interval bmono is described in 

the next subsection. Second, fp was determined from the signal intensity at b = 0 s/mm2 as fp 

= (S0−Smono0)/S0. Third, Dp was obtained from the monoexponential fit to the difference 

between the data and the fit, S − Smono. Finally, fitting curves were generated by substituting 

the estimated values of Dp, fp, and Dd into Eq. (2). The goodness of fit was assessed using 

R2 = 1 − SSE/SStotal, where SSE is the sum of squared errors between the data and the 

fitting curve and SStotal is the sum of squared differences between the data and the mean of 

all data values.

IVIM Parameters in High-Risk Normal Subjects—Based on the previous studies, 

normal FGT is not expected to show the IVIM effect (22,24). To ensure that our analysis 

does not create a spurious IVIM contribution, we analyzed the DW MR signal in the FGT of 

the high-risk normal subjects (FGTN). In each subject a region of interest (ROI) was drawn 

on a single slice of the DW image at b = 120 s/mm2 in the normal-appearing FGT, which 

was identified by high values of ADC and low enhancement on the CE images. Regions of 

fatty tissue with high intensity on T1-weighted nonfat-suppressed images were avoided. The 

mean ± standard deviation size of the ROIs was 83 ± 31 voxels (1.34 ± 0.48 cm2). The 

IVIM parameters were estimated from the mean ROI signal intensity using the segmented 

method with 1) bmono = [120,…,600] s/mm2, and 2) bmono = [400,…,800] s/mm2. The DW 

signal curves were examined for the presence of the IVIM component, and the b-value 

interval bmono that yielded the lowest fp was chosen for subsequent analysis of the data in 

patients with lesions. The monoexponential ADC was determined using the least squares 

curve fit of Eq. (1) to the ROI signal at all b-values between b = 0 s/mm2 and the maximum 

b-value of the bmono interval.

IVIM Parameters in Breast Lesions—For each patient the radiologist identified the 

lesion on the axial T1-weighted CE images and marked the slice that contained the largest 

cross-section of the lesion. Two ROIs per patient, one over the lesion and the other in FGT, 

were drawn on DW images with b = 800 s/mm2 on the slice that provided the closest match 

to the lesion location on CE MRI. The ROIs were drawn inside the tumor outline to avoid 
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the edge voxels affected by the motion and partial volume artifacts. In patients with bilateral 

lesions, FGT ROIs were drawn in each breast. For unilateral malignancy, FGT ROI was 

drawn in the contralateral breast and for patients with bilateral malignancy, FGT ROI was 

drawn in the ipsilateral breast but more than 2 cm away from the index lesion to avoid any 

influence of cancer extension. The size of the lesion ROIs was 89 ± 72 voxels (1.57 ± 1.30 

cm2), excluding four large tumors with the area greater than 300 voxels, and the FGT ROIs 

comprised 56 ± 40 voxels (1.00 ± 0.72 cm2). The IVIM parameters and ADC were 

estimated for all lesion and FGT ROIs.

The sagittal DCE MR images were analyzed using commercial image processing software 

(Aegis; Hologic, Bedford, MA). The images were rendered in the axial plane and lesion 

ROIs were drawn at the levels matching the locations marked on the CE MR images. The 

initial upslope of enhancement was determined as the percent difference between the mean 

signal intensity values within the lesion ROI on the first postcontrast and the precontrast 

images (24).

Statistical Analysis

The parameters are presented as the mean ± standard deviation values. The parameters of 

bilateral lesions in the same patient were assumed to be uncorrelated. The Mann–Whitney 

U-test was used to compare the parameters of malignant and benign lesions, invasive ductal 

carcinoma (IDC) and non-IDC lesions, and lesions with masslike and nonmasslike 

enhancement. The Wilcoxon signed-rank test was applied to compare the parameters in 

lesions and FGT as well as the diffusivities (ADC and Dd) and the IVIM parameters 

estimated with different bmono intervals in the same patient. The Spearman’s correlation 

coefficient ρ was used to assess the correlation between the initial upslope of lesion 

enhancement on DCE MRI and the IVIM parameters.

The two-class classification of the ROIs based on their ADC and IVIM parameters (class 1: 

lesion of interest; class 2: other) was considered for the following classes: 1) malignant 

lesions versus benign lesions, 2) malignant lesions versus FGT in the same patients (denoted 

FGTM), and 3) benign lesions versus FGT in the same patients (FGTB). These 

classifications were tested for ADC, Dd, fp individually and the combination of Dd and fp, 

denoted (Dd, fp). For (Dd, fp), the classification was performed using the linear discriminant 

analysis (LDA) implemented as “classify” function in MatLab with prior probabilities equal 

to the relative frequencies of data in each class. The estimated posterior probability of 

belonging to class 1, ranging between 1 (definitely lesion of interest) and 0 (definitely other) 

was used as the discriminating parameter. The performance of each parameter was evaluated 

using the ROC analysis and the AUC, obtained from the “perfcurve” function in MatLab. 

The optimal sensitivity and specificity values were selected at the point on the ROC curve 

with the shortest distance to the (0,1) point, where both sensitivity and specificity are equal 

to unity. The standard error (SE) of the AUC and the statistical significance of the 

differences between the AUCs were determined using ROCKIT software (31). Statistical 

analysis, except the ROC comparison, was performed in MatLab’s Statistics Toolbox. All 

statistical tests were two-tailed and statistical significance was established at P = 0.05.
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RESULTS

The final dataset in this study comprised 40 lesions (26 malignant and 14 benign) in 35 

women (mean age, 49 years; range, 28–70 years; premenopausal, n = 24 (69%); 

postmenopausal, n = 11 (31%)). The lesion characteristics are given in Table 2 for malignant 

lesions and in Table 3 for benign lesions. Among 24 patients with malignant lesions, 17 

patients had a single lesion and two patients had bilateral malignancies: one patient had an 

invasive ductal carcinoma (IDC) and an invasive lobular carcinoma (ILC) and another 

patient had an IDC and a ductal carcinoma in situ (DCIS). Five patients had a malignant 

lesion in one breast and a benign lesion in the other breast (two of these benign lesions were 

excluded). Among 11 patients with benign lesions, 10 had unilateral lesions and one patient 

had bilateral lesions (one was excluded). In all patients the diagnosis was confirmed by 

biopsy.

IVIM Effect in High-Risk Normal Subjects

The high-risk normal subjects were older than the patients with lesions (P = 0.019) and a 

larger percentage of them were postmenopausal (62% versus 31% of patients with lesions); 

nevertheless, these subjects had ample amounts of FGT. The monoexponential fitting of the 

DW signal intensity in FGTN at b = [0,…,600] s/mm2 yielded ADC600 = (2.18 ± 0.19) × 

10−3 mm2/s with R2 = 1.000 in 14/16 subjects and R2 > 0.998 in two remaining subjects 

(Fig. 1a). The IVIM analysis performed with bmono = [120,…,600] s/mm2 produced fp = 1.1 

± 1.1% and Dd = (2.16 ± 0.20) × 10−3 mm2/s. Because of the very low fp, the values of Dp 

were highly variable ((9.7 ± 10.5) × 10−3 mm2/s). The parameters obtained in high-risk 

patients are summarized in Table 4.

The IVIM analysis with bmono = [400,…,800] s/mm2 yielded a slightly lower Dd ((2.06 ± 

0.24) × 10−3 mm2/s, P = 0.24) and a significantly higher fp = 5.6 ± 3.2% (P < 0.001). In 

11/16 subjects the DW signal at b>600 s/mm2 deviated from the monoexponential shape and 

showed a slower decay (Fig. 1b), especially in the ROIs with lower diffusivity (Fig. 1c). 

Similar signal distortion has been previously observed in breast FGT at b>600 s/mm2 by 

Baron et al (22). Based on these observations, the IVIM analysis in subjects with lesions was 

performed using bmono = [120,…,600] s/mm2.

IVIM Parameters in Patients With Breast Lesions

IVIM Parameters in Malignant Lesions—Examples of the T1-weighted CE images, 

DW images, ADC maps, and DW signals with the IVIM fits are shown in Fig. 2 for four 

malignant lesions of different histological types. The mean parameters of malignant lesions 

are given in Table 4. The mean fp values in malignant lesions were significantly higher than 

in FGTM (P < 0.001) and both ADC600 and Dd were significantly lower than in FGTM (P < 

0.001). Using the maximum value of fp in FGTM (~4.0%) as an empirical cutoff, fp > 4.0% 

was detected in 21/26 (81%) of malignant lesions. The five lesions with fp ≤ 4.0% included 

two IDC lesions (nonmass), two ILC lesions and one DCIS lesion. In two patients with 

bilateral malignancies, only the IDC lesions showed an appreciable IVIM effect (fp~6–7%), 

but not the contralateral ILC and DCIS lesions (fp<1%). The IDC lesions tended to have 

higher fp and lower Dd and ADC600 values than the non-IDC lesions (fp, P = 0.16; Dd, P = 
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0.085; ADC600, P = 0.097) (Table 4). The majority of malignant lesions showed masslike 

enhancement at CE MRI (17/26, 65%), and masses tended to have higher fp (P = 0.071) and 

lower ADC600 and Dd (P = 0.21 for both parameters) than nonmasslike lesions (Table 4).

IVIM Parameters in Benign Lesions—Examples of images and IVIM analysis for four 

benign lesions are shown in Fig. 3. Only 3/14 benign lesions were high-risk (lobular 

carcinoma in situ (LCIS), n = 2; atypical ductal hyperplasia (ADH), n = 1). Among the 

benign lesions, 4/14 (29%) showed fp > 4% (LCIS, n = 2; adenosis, n = 1; intraductal 

papilloma, n = 1) and 10/14 (71%) lesions had fp ≤ 4% (fibrocystic changes, n = 3; 

pseudoangiomatous ductal hyperplasia [PASH], ADH, columnar cell changes, fibrofatty 

tissue, intraductal papilloma, periductal inflammation, and benign parenchyma, n = 1 for 

each type). In both LCIS lesions, the values of fp (8.1% and 11.1%) were comparable to 

their typical values in malignant lesions, but ADH had a lower fp (3.2%). Benign lesions had 

a lower Dd than FGTB (P = 0.044), but the differences in ADC600 (P = 0.068) and fp (P = 

0.15) were not statistically significant (Table 4). Benign lesions were significantly smaller 

than malignant lesions (P = 0.003) and, as a result, their DW signal was more strongly 

affected by the motion and partial volume artifacts.

IVIM Parameters Versus DCE MRI Parameters—There was a significant negative 

correlation between the initial upslope of enhancement and Dd when all lesions were 

combined (ρ = −0.36, P = 0.03), but did not reach significance for malignant lesions (ρ = − 

0.30, P = 0.15), or benign lesions (ρ −0.17, P = 0.59) taken separately. Similar correlations 

were found between the upslope and ADC for all lesions (ρ = −0.38, P = 0.02), malignant 

lesions (ρ = −0.32, P = 0.12), and benign lesions (ρ = −0.13, P = 0.69). The correlation 

between fp and the initial upslope of enhancement was not significant for either malignant or 

benign lesions or both groups combined (P > 0.43).

Differentiation of Breast Lesions Based on ADC and the IVIM Parameters

The values of ADC600 and the IVIM within all ROIs are shown in Fig. 4 and the mean 

parameters for all tissues are summarized in Table 4. The parameters of FGT were not 

significantly different among breasts harboring malignant and benign lesions (P > 0.26 for 

all parameters), and the FGT ROIs of all patients with lesions were pooled together and 

denoted FGTL. Both ADC600 and Dd in the FGT of the high-risk normal patients were 

significantly higher than in the FGT of the patients with lesions (ADC600, P = 0.032; Dd, P 

= 0.019), owing to the larger amount of glandular tissue found in this set of normal subjects. 

Malignant lesions had significantly lower ADC600 (P = 0.022), lower Dd (P = 0.011), and 

higher fp (P = 0.0025) than benign lesions, but Dp was highly variable and not significantly 

different between the two groups of lesions (P = 0.36). The diffusion coefficients ADC600 

and Dd were strongly correlated (ρ = 0.99, P < 0.001 for all ROIs) and ADC600 was 

significantly higher than Dd in all tissue groups (malignant lesions, P < 0.001; benign 

lesions, P = 0.028; FGTL, P < 0.001; FGTN, P = 0.005). As expected, the difference 

between ADC600 and Dd was proportional to fp (ρ = 0.96, P < 0.001, for all ROIs combined) 

(13,23).
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The results of the ROC analysis for differentiation of malignant lesions from benign lesions, 

malignant lesions from FGTM, and benign lesions from FGTB are summarized in Table 5. 

Figure 5 illustrates the separation between the IVIM parameters for each pair of tissues in 

the scatterplot of fp versus Dd (32) and the LDA-derived probability of belonging to the 

lesion of interest class for each ROI. For all three studied classifications, the combination 

(Dd, fp) provided higher AUC than ADC600, although the difference was statistically 

significant only for the discrimination of malignant lesions from FGTM. For differentiation 

between malignant and benign lesions, at the optimal point on the ROC curve, Dd provided 

higher sensitivity compared to ADC600 by correctly identifying four more malignant lesions 

with relatively high fp (fp ~6–8%) that were classified as false negatives by ADC600. A 

slight loss of specificity based on Dd resulted from one additional false-positive benign 

lesion (LCIS) with high fp (fp = 11.0%). The classification based on fp provided both higher 

sensitivity and specificity than ADC600. Lesions misclassified based on fp at the optimal 

point of ROC included two false positives (both LCIS, fp >8.0%) and seven false negatives, 

including three malignant lesions with fp ≤ 2.2% (IDC, ILC and DCIS) and four malignant 

lesions with 4.0% ≤ fp ≤ 4.8% (all IDC). Finally, the combination of (Dd, fp) was also 

superior to ADC600 in terms of both sensitivity and specificity. At the optimal probability 

cutoff, there were two false positives with high fp (one LCIS lesion and one adenosis lesion) 

and four false negatives with low fp and high Dd (two IDC, one ILC, and one DCIS).

For differentiation between malignant lesions and FGTM, a significantly higher AUC for 

differentiation of cancer from FGTM was obtained using Dd (P = 0.008) and (Dd, fp) (P = 

0.045) and both sensitivity and specificity at the optimal point were increased compared to 

the discrimination based on ADC600 (Table 5, Fig. 5c,d). Four malignant lesions could not 

be differentiated from FGTM (the same lesions with low fp and high Dd that could not be 

separated from the benign lesions), but only one FGTM ROI was classified as a false 

positive based on (Dd, fp). The advantage of using the IVIM parameters was less 

pronounced in differentiation between the benign lesions and FGTB. This classification 

based on the IVIM parameters was limited by a large overlap between the diffusion 

coefficients of the benign lesions and FGTB and by a large proportion of benign lesions with 

low fp values (Fig. 5e,f).

DISCUSSION

We estimated the IVIM effect in malignant and benign breast lesions and normal breast 

parenchyma. Previous reports have stated that the IVIM effect in breast parenchyma is 

small, but did not specify the value of the perfusion fraction in FGT (24,33). We found that 

in 82% of ROIs in high-risk normal subjects and in 75% of ROIs in patients with lesions, the 

perfusion fraction in FGT did not exceed 2%. This finding is consistent with the low blood 

volume in breast tissue determined using imaging methods (34). The diffusion coefficients 

ADC600 and Dd obtained in this study were in agreement with the literature (15).

We observed that the IVIM parameters are affected by the choice of the b-value interval. It 

has been previously shown that this dependence results from the deviation of the DW signal 

from the monoexponential shape at high b-values (11,15,32). In FGT of the high-risk normal 

subjects, the DW signal was monoexponential up to b = 600 s/mm2, but flattened at higher 
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b-values, especially in the ROIs with lower diffusivity (Fig. 1a,b). A similar distortion of the 

DW signal in FGT has been reported by Baron et al (22) and was shown to depend on the fat 

suppression method. When the segmented approach is used to estimate the IVIM parameters 

(24,30,35), including the high b-value data that are affected by this distortion, 

overestimation of the perfusion fraction may result. In normal subjects, when Dd was 

estimated from the interval bmono = [400,…,800] s/mm2, a 5-fold higher fp was obtained 

than when bmono = [120,…,600] s/mm2 was used. Estimating the true diffusion coefficient 

Dd from the signal intensities at higher b-values may be desirable, because these data are 

less affected by the perfusion-related contribution; however, when the signal in this range is 

nonmonoexponential, the segmented approach should be applied with care in order to avoid 

the bias in the IVIM parameters.

We observed the IVIM effect with the perfusion fraction fp greater than 4% in 81% of 

malignant lesions. The average perfusion fraction fp in malignant lesions was lower than the 

values of fp obtained by Sigmund et al in a similar set of malignant breast tumors (24). 

Besides the interpatient variability, the lower perfusion fraction obtained in our study can be 

explained by several factors. The shorter TE in our acquisitions (TE < 100 msec in 75% of 

cases) compared to the TE = 103 msec used by Sigmund et al (24) may have resulted in 

lower fp values, as shown by Lemke et al (36). Furthermore, in this study, the lesion ROIs 

excluded the tumor edges. This was done to minimize the partial volume and motion 

artifacts and reduce the scatter in DW signal curves that might lead to errors in the IVIM 

parameters, but may have also yielded a lower perfusion fraction, because the tumor 

periphery is usually more vascularized than the tumor center. The difference between fp in 

the IDC and non-IDC lesions (P = 0.16) in our data was less pronounced than in the study of 

Sigmund et al (P = 0.06) (24). We also observed a trend towards higher fp in lesions with 

masslike enhancement compared to nonmasslike lesions (P = 0.071), which is consistent 

with the differences between these lesion types seen on DCE MRI and which may influence 

the accuracy of discrimination of the masslike lesions on DW MRI (37,38).

The diffusion coefficients of benign lesions were in agreement with the literature (15,17–19) 

and overlapped considerably with the diffusion coefficients of malignant lesions and FGT. 

Only three benign lesions in our dataset were high-risk lesions (two LCIS and one ADH 

lesion), and in both LCIS lesions the values of fp were comparable to those found in 

malignant lesions. In the majority of benign lesions, fp did not exceed 4%. This suggests that 

the IVIM parameters may help differentiate the benign lesions from malignant lesions based 

on their vascular properties, and further studies are warranted to test the usefulness of the 

IVIM parameters in distinguishing the high-risk benign lesions from other benign lesions.

We found no correlation between the lesions’ fp values and the initial upslope of contrast 

enhancement, whereas a moderate correlation between these parameters (Pearson’s 

coefficient R = 0.42) was obtained by Sigmund et al in malignant lesions (24). We observed 

a negative correlation between Dd and the upslope of enhancement in all lesions compared 

to R = −0.27 found by Sigmund et al in cancer, which may reflect the coexistence of higher 

cellularity and higher vascularity in the more aggressive lesions.
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The main advantage of using the IVIM parameters rather than ADC600 for lesion 

classification is the improved differentiation of malignant lesions. Using Dd increases the 

sensitivity of differentiation of malignant lesions from benign tissues. The IVIM component 

artificially increases the ADC values in proportion to fp and often brings the ADCs of 

malignant lesions closer to the ADCs in benign tissues. Measuring Dd reduces this bias and 

helps to identify malignant lesions. Measurements of fp increase the specificity of 

differentiation mainly by correctly identifying benign tissues with small IVIM component, 

as illustrated by the perfect specificity of differentiation of malignant lesions from FGTM 

using fp. The combination (Dd, fp) takes advantage of the respective strengths of each 

parameter and improves both the sensitivity and specificity. In our dataset, the classification 

sensitivity was limited by the presence of malignant lesions with small fp and relatively high 

Dd, which were classified as false negatives (two IDC, one ILC, and one DCIS. The 

specificity was limited by the presence of three benign lesions classified as false positives 

based on their high values of fp, including two LCIS lesions and one adenosis lesion. Note 

that in this study the benign lesions were primarily represented by the low-risk lesions, and 

the discrimination of high-risk benign lesions based on their IVIM parameters needs to be 

further investigated.

Our study had the following limitations. First, our study was retrospective and the 

acquisition parameters and the b-values were not optimized, which may be a source of bias 

and variability in the IVIM parameter values, particularly fp (36,39,40). Second, our dataset 

was small and included malignant and primarily low-risk benign lesions. Third, the IVIM 

analysis was performed by observers who had access to patient information. Finally, the 

analysis was performed on an ROI basis and the results may be dependent on the ROI 

selection.

In conclusion, the novel findings of this study demonstrated that 1) the IVIM effect is 

significantly larger in malignant breast lesions than in benign lesions and normal breast 

parenchyma, and 2) the IVIM parameters may improve the accuracy of breast cancer 

differentiation from benign tissues. The feasibility of the IVIM voxel analysis and the 

usefulness of IVIM parameters for lesion differentiation in different patient subpopulations 

need to be further investigated.
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Figure 1. 
The IVIM effect in high-risk normal subjects: T1-weighted CE images, ADC maps, DW 

signal intensity curves, and monoexponential fits. a: 50-year-old patient with extremely 

dense breasts, postleft lumpectomy. The DW signal at b ≤ 600 s/mm2 yields ADC600 = 2.45 

× 10−3 mm2/s, R2 = 1.000 and shows no IVIM effect (bmono = [120,…,600] s/mm2, fp = 0%, 

Dd = 2.46 × 10−3 mm2/s). The signal remains virtually monoexponential up to b = 1000 

s/mm2 (bmono = [400,…800] s/mm2 fp = 1.0%, Dd = 2.45 × 10−3 mm2/s). b: A 65-year-old 

patient with breasts composed of scattered fibroglandular elements, post-left lumpectomy. 

The DW signal is monoexponential up to b = 600 s/mm2 (ADC600 = 2.07 × 10−3 mm2/s, R2 

= 1.000; fp = 2.2%, Dd = 2.02 × 10−3 mm2/s), but flattens at b ≥ 800 s/mm2 (red arrows). 

The IVIM analysis with bmono = [400,…800] s/mm2 yields fp = 7.7% and Dd = 1.90 ×10−3 

mm2/s. c: Scatterplot of fp versus Dd in all high-risk patients (n = 16). The data are derived 

from the IVIM analyses performed with 1) bmono = [120,…,600] s/mm2 (black squares), and 

2) bmono = [400,…800] s/mm2 (blue triangles). Although none of the FGT signal curves 

shows an appreciable IVIM contribution, using larger b-values to determine Dd leads to an 

overestimation of fp. This overestimation is greater for ROIs with lower diffusivities, as 

indicated by the slopes of the linear regression lines (solid lines) in (c). [Color figure can be 

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. 
The IVIM effect in malignant lesions: T1-weighted CE images, DW images at b = 800 

s/mm2, ADC maps and DW ROI signals for lesions and FGT and IVIM fits. a: A 67-year-

old patient with IDC (25 mm). b: A 51-year-old patient with ILC (26 mm). c: A 70-year-old 

patient with DCIS (14 mm). d: A 48-year-old patient with invasive metaplastic squamous 

cell carcinoma (52 mm). White arrows indicate the lesions on DW images. Images were 

scaled arbitrarily. In (d) the T1-weighted CE MR images were not available because the 

patient could not tolerate the gadolinium contrast. This case represents a potential 

application of IVIM measurements as an auxiliary technique when CE MRI cannot be 

performed.
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Figure 3. 
The IVIM effect in benign lesions. T1 CE images, DW images, ADC maps, and DW signal 

with the IVIM fits and parameters for four tumors. a: A 41-year-old patient with lobular 

carcinoma in situ (diameter, 10 mm). b: A 42-year-old patient with atypical ductal 

hyperplasia (19 mm). c: A 43-year-old patient with pseudoangiomatous stromal hyperplasia 

(23 mm). d: A 49-year-old patient with columnar cell changes (48 mm). White arrows 

indicate the lesions on DW images. Images were scaled arbitrarily.
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Figure 4. 
Boxplots of (a) ADC600 and Dd, (b) fp, and (c) Dp. In (a,b), symbols represent individual 

values for all ROIs in malignant lesions, benign lesions and FGT in patients with malignant 

lesions (FGTM) and benign lesions (FGTB) and high-risk normal patients (FGTN). In (c), Dp 

is shown only for malignant and benign lesions with fp > 4.0%. The horizontal lines in 

boxplots represent the median value and the lower and upper quartiles, and the whiskers 

span ± 1.5 × interquartile range. [Color figure can be viewed in the online issue, which is 

available at wileyonlinelibrary.com.]
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Figure 5. 
Scatterplots of fp versus Dd (left column) and the LDA-derived posterior probability (right 

column) of belonging to the lesion-of-interest class based on the combination of (Dd, fp) for 

differentiation between: (a,b) malignant lesions and benign lesions, (c,d) malignant lesions 

and FGTM, and (e,f) benign lesions and FGTB. The solid lines in fp versus Dd plots indicate 

the LDA decision boundaries: (a) L1 = −3.84 + 3.33 × Dd/(10−3 mm2/s) −0.32 × fp/(1%) = 

0; (c) L2 = −5.38 + 5.40 × Dd/(10−3 mm2/s) − 0.82 × fp/(1%) = 0, and (e) L3 = −3.63 + 2.51 

× Dd/(10−3 mm2/s) − 0.25 × fp/(1%) = 0. [Color figure can be viewed in the online issue, 

which is available at wileyonlinelibrary.com.]
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Table 1

MRI Acquisition Parameters

Parameter DW MRI DCE MRI CE MRI

Sequence 2D DW single-shot dual spin echo EPI 3D T1-weighted gradient echo 
VIBRANT

3D T1-weighted gradient echo 
VIBRANT

Imaging plane Axial Sagittal Axial

TR, ms 6000 9.89–11.83 4.30–5.11

TE, ms 56.4–120.7 2.1 2.1–2.39

Flip angle, degrees 90 10 or 15 10 or 15

Number of excitations 3 1 1

Acquisition matrix 98×98 (n = 15) or (n = 20) 128×128 (n 
= 20)

320×180 to 448×224 320×320 to 420×420

Reconstructed matrix 256×256 512×512 512×512

Field of view*, cm 28–38 20–25 28–38

Slice thickness, mm 5 3 0.8

Slice gap, mm 0–1 0 0

Number of slices 17–23 80–112 204–306

Fat suppression Enhanced On On

Parallel imaging ASSET – ASSET

b-values, s/mm2 0, 30, 60, 90, 120, 400 (450 in 7 
cases), 600, 800, 1000

– –

Time per frame, s – 60 –

Number of phases – 4 (1 pre- and 3 post-contrast) –

Acquisition time, min 5–6 8 1.5–2.5

EPI, echo-planar imaging; VIBRANT, Volume Image Breast Assessment; ASSET, array spatial sensitivity encoding technique; TR, repetition 
time; TE, echo time.

*
Field of view was a square with the side length specified in the table.
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Table 2

Characteristics of Malignant Lesions

Characteristic Value

Total number 26

Maximum size at MR, mm, mean (range) 38 (9–80)

Histopathological type

 Invasive ductal carcinoma (IDC) 21 (81)

 Other histology (non-IDC) 5 (19)

  Invasive lobular carcinoma 3

  Ductal carcinoma in situ 1

  Invasive metaplastic squamous cell

  carcinoma 1

Lymph node metastases*

  Positive 12 (46)

  Negative 12 (46)

Histological grade* (IDC lesions)

  I 4 (19)

  II 6 (29)

  III 10 (48)

Nuclear grade* (IDC lesions)

  I 1 (5)

  II 10 (48)

  III 9 (43)

Lesion enhancement type*

  Mass 17 (65)

  Nonmass 8 (31)

Enhancement kinetic type*

  Washout 13 (50)

  Plateau 11 (42)

  Progressive 1 (4)

IDC, invasive ductal carcinoma. Data are numbers of patients (percentage), unless specified otherwise.

*
Data unavailable: lymph node status (n = 2); histological grade (n = 1); nuclear grade (n = 1); contrast-enhanced examination (n = 1, invasive 

metaplastic squamous cell carcinoma).
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Table 3

Characteristics of Benign Lesions

Characteristic Value

Total number 14

Maximum size, mm, mean (range) 20 (8–48)

Histopathological type

 Lobular carcinoma in situ 2 (14)

 Atypical ductal hyperplasia 1 (7)

 Intraductal papilloma 2 (14)

 Pseudoangiomatous stromal hyperplasia 1 (7)

 Columnar cell changes 1 (7)

 Fibrocystic changes with ductal hyperplasia 3 (21)

 Fibrofatty benign 1 (7)

 Periductal inflammation 1 (7)

 Benign with adenosis 1 (7)

 Benign 1 (7)

Lesion enhancement type

 Mass 13 (93)

 Nonmass 1 (7)

Enhancement type

 Washout 1 (7)

 Plateau 11 (79)

 Progressive 2 (14)

Data are numbers of patients (percentage), unless specified otherwise.
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Table 4

Monoexponential ADC600 and the IVIM Parameters True Diffusion Coefficient Dd, Perfusion Fraction fp, and 

Pseudodiffusion Coefficient Dp in Malignant and Benign Breast Lesions and FGT

Region of interest ADC600(10−3 mm2/s) Dd(10−3 mm2/s) fp (%) Dp(10−3 mm2/s)

Malignant lesions (n = 26) 1.40 ± 0.30*,† 1.29 ± 0.28*,† 6.4 ± 3.1*,† 21.7 ± 11.0

 IDC (n = 21) 1.37 ± 0.31 1.25 ± 0.29 7.0 ± 2.7 22.4 ± 8.6

 Non-IDC (n = 5) 1.52 ± 0.20 1.45 ± 0.20 3.9 ± 3.6 18.7 ± 19.3

 Mass (n = 17) 1.35 ± 0.33 1.24 ± 0.30 7.3 ± 2.6 24.1 ± 9.1

 Nonmass (n = 8) 1.48 ± 0.22 1.39 ± 0.21 4.8 ± 3.6 17.0 ± 13.2

Benign lesions (n = 14) 1.60 ± 0.30 1.56 ± 0.28‡ 3.1 ± 3.3 27.6 ± 34.0

FGTM (n = 26) 1.93 ± 0.36 1.90 ± 0.36 1.5 ± 1.2 –

FGTB (n = 14) 1.82 ± 0.30 1.79 ± 0.31 1.4 ± 1.3 –

FGTL (n = 40) 1.89 ± 0.34§ 1.86 ± 0.34§ 1.5 ± 1.2 –

FGTN (n = 16) 2.18 ± 0.19 2.16 ± 0.20 1.1 ± 1.1 –

ADC600, apparent diffusion coefficient calculated from data at b = [0,…, 600] s/mm2. Data are mean ± standard deviation values within each 

group of ROIs. FGT data are reported in patients with malignant lesions (FGTM) and benign lesions (FGTB), all patients with lesions (FGTL), and 

high-risk normal patients (FGTN). Dp values in FGT are not reported because of the low fp values in normal parenchyma.

*
Malignant lesions versus FGTM: ADC600, Dd, fp, P < 0.001.

†
Malignant lesions versus benign lesions: ADC600, P = 0.022; Dd, P = 0.011; fp, P = 0.0025.

‡
Benign lesions versus FGTB: Dd, P = 0.044.

§
FGTL versus FGTN: ADC600, P = 0.032; Dd, P = 0.019.
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Table 5

Area Under Curve (AUC) and Standard Error (SE) of AUC for the ROC Curves for Differentiation of Breast 

Lesions Based on the Values of ADC600, Dd, fp and the Combination (Dd, fp), Optimal Sensitivity and 

Specificity for Each Parameter and the Corresponding Parameter Thresholds

Parameter AUC (SE) Sensitivity Specificity Threshold

Malignant lesions versus benign lesions

ADC600 (mm2/s) 0.72 (0.08) 0.65 0.71 1.54 ×10−3

Dd(mm2/s) 0.75 (0.08) 0.85 0.64 1.52 × 10−3

fp (%) 0.79 (0.07) 0.73 0.86 4.9

(Dd, fp) (probability, unitless) 0.84 (0.06) 0.85 0.86 0.58

Malignant lesions versus FGTM

ADC600 (mm2/s) 0.86 (0.05) 0.77 0.81 1.57 × 10−3

Dd (mm2/s) 0.90 (0.04)* 0.81 0.85 1.48 × 10−3

fp (%) 0.93 (0.04) 0.88 1.00 3.9

(Dd, fp) (probability, unitless) 0.97 (0.03)† 0.92 0.96 0.40

Benign lesions versus FGTB

ADC600 (mm2/s) 0.69 (0.10) 0.86 0.50 1.91 × 10−3

Dd (mm2/s) 0.69 (0.10) 0.93 0.50 1.88 × 10−3

fp (%) 0.63 (0.11) 0.64 0.79 2.1

(Dd, fp) (probability, unitless) 0.74 (0.10) 0.71 0.64 0.49

FGTM and FGTB are FGT ROIs in patients with malignant and benign lesions, respectively. The probability of belonging to the lesion of interest 

class based on (Dd, fp) ranges between P = 1 (definitely tissue of interest) and P = 0 (definitely other).

*
AUC(Dd) versus AUC(ADC600): P = 0.008.

†
AUC(Dd, fp) versus AUC(ADC600): P = 0.045.
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