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Diffusion-weighted imaging provides a novel contrast mechanism in mag-
netic resonance (MR) imaging and has a high sensitivity in the detection of 
changes in the local biologic environment. A significant advantage of diffu-
sion-weighted MR imaging over conventional contrast material–enhanced 
MR imaging is its high sensitivity to change in the microscopic cellular 
environment without the need for intravenous contrast material injection. 
Approaches to the assessment of diffusion-weighted breast imaging find-
ings include assessment of these data alone and interpretation of the data 
in conjunction with T2-weighted imaging findings. In addition, the analysis 
of apparent diffusion coefficient (ADC) value can be undertaken either in 
isolation or in combination with diffusion-weighted and T2-weighted imag-
ing. Most previous studies have evaluated ADC value alone; however, over-
lap in the ADC values of malignant and benign disease has been observed. 
This overlap may be partly due to selection of b value, which can influence 
the concomitant effect of perfusion and emphasize the contribution of mul-
ticomponent model influences. The simultaneous assessment of diffusion-
weighted and T2-weighted imaging data and ADC value has the potential 
to improve specificity. In addition, the use of diffusion-weighted imaging 
in a standard breast MR imaging protocol may heighten sensitivity and 
thereby improve diagnostic accuracy. Standardization of diffusion-weighted 
imaging parameters is needed to allow comparison of multicenter stud-
ies and assessment of the clinical utility of diffusion-weighted imaging and 
ADC values in breast evaluation. Supplemental material available at http://
radiographics.rsna.org/lookup/suppl/doi:10.1148/rg.314105160/-/DC1.
©RSNA, 2011 • radiographics.rsna.org

Diffusion-weighted 
Imaging of the Breast: 
Principles and Clinical 
Applications1

Abbreviations: ADC = apparent diffusion coefficient, ASSET = array spatial sensitivity encoding technique, DCIS = ductal carcinoma in situ, FOV =  
field of view, IDC = invasive ductal carcinoma, RARE = rapid acquisition with relaxation enhancement, RF = radiofrequency, SNR = signal-to-noise 
ratio, SpecIR = spectrally selected inversion recovery, SSRF = spatial-spectral radiofrequency, STIR = short inversion time inversion recovery, TE = 
echo time, TR = repetition time
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Introduction
Diffusion-weighted imaging is a modality that 
makes use of magnetic resonance (MR) imaging 
to depict the diffusivity of water molecules in a de-
fined voxel by means of the application of motion-
probing gradients. This imaging property is unique 
and provides a different contrast mechanism 
than that observed on conventional T1- and T2-
weighted MR images. Evaluation of breast images 
acquired with sensitization to the diffusion of wa-
ter molecules has the potential to play an adjunct 
role in the assessment of breast tissue.

Diffusion-weighted imaging was initially ap-
plied in the clinical setting in the mid-1990s 
for the diagnosis of acute stroke. At that time, 
diffusion-weighted imaging demonstrated a high 
diagnostic utility, not only in the investigation 
of acute stroke, but also in developing the dif-
ferential diagnosis for other brain abnormalities, 
including tumors and abscesses. Subsequent 
technical advances in MR imaging, including the 
development of ultrafast imaging sequences and 
the proliferation of array coils and of imagers 
with higher magnetic field strength (which in-
crease signal-to-noise ratio [SNR] per unit time) 
have led to a reduction in the impact of motion 
artifacts and the investigation of organs other 
than the brain. Diffusion-weighted imaging has 
subsequently been used in the evaluation of dis-
ease processes in various anatomic locations (eg, 
chest, liver, pancreas, prostate gland) that had 
previously not been studied due to difficulties 
resulting from movement during patient respira-
tion, peristalsis, and low inherent SNR (1).

In 1997, Englander et al (2) addressed the pos-
sibility of applying diffusion-weighted imaging to 
the human breast. Since that time, clinical studies 
have been undertaken, and several studies have 
shown diffusion-weighted imaging to be highly 
sensitive for the evaluation of breast cancer and a 
possible means of differentiating between benign 
and malignant tumors (3–10). As a result of these 
findings, diffusion-weighted breast imaging has at-
tracted greater interest among breast imagers, with 
many clinicians advocating applications beyond 
just clinical research. However, the incorpora-
tion into clinical decision making of information 
gleaned from diffusion-weighted breast imaging 
has been slow compared to the use of information 
obtained from diffusion-weighted imaging of other 
organs. One reason is that the diagnostic role of 
diffusion-weighted imaging in breast imaging has 

not been incorporated into the already established 
Breast Imaging and Reporting Data System lexi-
con (11). Contrast material–enhanced breast MR 
imaging is currently accepted as the most sensitive 
imaging technique for the diagnosis and staging of 
breast cancer. However, several studies have noted 
that conventional breast MR imaging, including 
T2-weighted imaging and contrast-enhanced T1-
weighted imaging, is limited in terms of specificity 
in the assessment of breast tumors (12–14). Con-
sequently, there has been considerable interest in 
the development of adjunct MR imaging methods 
to improve the specificity of dynamic contrast-
enhanced breast MR imaging, and diffusion-
weighted breast imaging is being investigated for 
its potential to improve breast disease diagnosis at 
the cost of a small increase in examination time.

In this article, we discuss the principles of 
diffusion-weighted imaging, offer suggestions for 
optimizing diffusion-weighted breast imaging 
technique, and discuss the clinical implementa-
tion of diffusion-weighted breast imaging.

Principles of  
Diffusion-weighted Imaging

Proton Diffusion in Biologic Tissue
Diffusion is the random and thermal (Brownian) 
motion of water molecules (or any other type of 
molecule). This motion is affected by the local 
tissue environment and the presence of barriers 
(eg, cell membranes and semipermeable mem-
branes). The motion of water molecules is more 
restricted in tissues with a high cellular density 
(eg, tumor tissue) or with lipophilic cell mem-
branes acting as barriers in both the extracellular 
and intracellular spaces. In contrast, the motion 
of water molecules is less restricted in areas of 
low cellularity or where cell membranes have 
been destroyed. A less cellular environment pro-
vides a larger extracellular space for the diffusion 
of water molecules, which may also freely trans-
gress defective cell membranes to move from the 
extracellular into the intracellular compartment. 
Therefore, the degree of water diffusion in tis-
sue is inversely correlated with tissue cellularity 
and the integrity of cell membranes. Diffusion-
weighted imaging is used to visualize the degree 
of water molecule diffusion at in vivo MR imag-
ing. Signal intensity at diffusion-weighted imag-
ing is inversely proportional to the degree of wa-
ter molecule diffusion, which will be influenced 
by the histologic structure; in other words, the 
signal intensity will imply the histologic structure.
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Diffusion is quantified by measuring what 
is known as the apparent diffusion coefficient 
(ADC) value in square millimeters per second, 
which defines the average area covered by a 
molecule per unit time. The ADC value can be 
calculated by assessing the signal attenuation that 
occurs at diffusion-weighted imaging performed 
at different b values.

Technical Considerations
Spin-echo echoplanar diffusion-weighted imaging 
is the most popular clinical technique for generat-
ing diffusion-weighted images. To introduce diffu-
sion weighting into a spin-echo echoplanar imag-
ing sequence, two diffusion-sensitizing gradients 
are “sandwiched” around a 180° radiofrequency 
(RF) refocusing pulse before echoplanar imaging 
data collection (Fig 1). Diffusion can be expressed 
as the following monoexponential equation:

ln(SDW/SSE) = ADC(g ∙ G ∙ d)2 × (D – [d/3]), (1)

where G is the gradient, SDW is the attenuated 
spin-echo signal (G = 0), SSE is the full spin-echo 
signal without diffusion attenuation (G = 0), g is 
the proton gyromagnetic ratio, d is the duration 
of G, and D is the time delay between the leading 
edges of the two diffusion-sensitizing gradients. 
The product of the last two terms in Equa-
tion 1—that is, (g ∙ G ∙ d)2 × (D – [d/3])—is usually 
known as the b value (expressed in seconds per 
square millimeter) and represents the strength of 
diffusion weighting.

The faster a molecule diffuses, the greater the 
attenuation and the weaker the corresponding 
pixel signal intensity at diffusion-weighted imag-
ing. Thus, signal intensity is usually higher in a 
region with restricted diffusion than in a region 
with fast diffusion. As a reference point, the 
ADC value of free water molecules at 37°C is 
3.0 × 10-3 mm2/sec.

ADC Value
The ADC value is a quantitative measurement of 
diffusion that is calculated on the basis of the at-
tenuation in signal intensity between at least two 
diffusion-weighted images according to the fol-
lowing equation:

ADC value = −ln(SDW/SSE)/b, (2)

where SDW is the attenuated spin-echo signal and 
SSE is the full spin-echo signal without diffusion 
attenuation. A low ADC value indicates restricted 
proton diffusion, which typifies malignant tissue. 
In vivo, the measured ADC value includes the 
factors of both water diffusion and perfusion ef-
fect; hence the term apparent diffusion coefficient:

ADC value ≈ D + (f/b), (3)

where D = diffusion coefficient and f = perfusion 
factor.

In living tissue, diffusion-weighted imaging 
is affected by Brownian incoherent motion (dif-
fusion) and microperfusion or blood flow. Mi-
croperfusion, defined as the microcirculation of 
body fluids assumed to stay within the capillary 
network, is an important potential competitor with 
the previously defined diffusion phenomenon. This 
means that the diffusion-weighted imaging signal 
can be mixed with a perfusion signal, thus increas-
ing the net ADC value according to Equation 3. 
Use of a higher b value reduces the contribution of 
perfusion effects in ADC measurements according 
to Equation 3. The “f/b” factor can be ignored with 
higher b values because f generally consists of only 
a few percentage points. Microperfusion effect has 
not been observed at a b value of less than 600 
sec/mm2 in normal fibroglandular breast tissue or 
in adipose tissue, a finding that is consistent with 

Figure 1.  Graph illustrates the pulse se-
quence of single-shot spin-echo echoplanar 
diffusion-weighted imaging. G = gradient, 
MPG = motion-probing gradient.
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reports that the mammary gland is not a highly 
vascular organ (15,16). However, the fact that 
microperfusion is high in both benign and malig-
nant lesions is common knowledge in the scientific 
community (17).

The observed ADC value depends on many 
factors, including fluid viscosity, membrane 
permeability effecting intracellular-extracellular 
water exchange, water transport mechanisms, 
and the structural design of the compartment 
containing diffusing water. Thus, it is evident that 
ADC value can provide a specific type of infor-
mation not otherwise available.

An ADC map is a parametric image whose 
color scale or gray scale represents the ADC val-
ues of the voxels and is usually generated by pro-
prietary or third-party software.

ADC measurements obtained in almost every 
organ in the body have been reported (18–23), in-
cluding in the breast, where ADC values in various 
disease states have been compared (3–8,24–29).

Suggestions for Optimal Imaging
Echoplanar diffusion-weighted imaging can re-
sult in image distortion due to eddy currents, 
susceptibility effects, and ghosting artifacts that 
occur during data acquisition. It is recommended 
that the MR imaging operator follow standard 
procedures to optimize image acquisition param-
eters and reduce artifacts before embarking on 
a diffusion-weighted imaging study. Suggestions 
related to the acquisition of diffusion-weighted 
images are summarized in Table 1. The choice of 
number of phase-encoding steps and other spatial 
resolution–enhancing guidelines are the same as 
for routine MR imaging procedures.

Echoplanar Imaging  
versus Other Techniques
Baltzer et al (30) conducted a study compar-
ing echoplanar diffusion-weighted imaging with 
half-Fourier rapid acquisition with relaxation en-
hancement (RARE) diffusion-weighted imaging 
in terms of lesion visibility, ADC value, and tu-
mor size estimation. Their study revealed a higher 
sensitivity for echoplanar diffusion-weighted 
imaging, a higher specificity for half-Fourier 
RARE diffusion-weighted imaging, and statisti-
cally similar ADC values with both techniques. 
They also reported that half-Fourier RARE dif-
fusion-weighted imaging produced a lower SNR 
with fewer image artifacts, whereas more image 
artifacts and a higher SNR were associated with 
echoplanar diffusion-weighted imaging.

Selection of Fat Suppression Technique
For the acquisition of diffusion-weighted breast 
images, suppression of lipid signal is essential to 
reduce image artifacts (eg, ghosting, chemical shift 
artifact) and increase lesion conspicuity. There are 
two common approaches to lipid suppression 
in diffusion-weighted breast imaging: (a) spectral 
fat suppression, in which a spatial-spectral radiofre-
quency (SSRF) prepulse is applied before the echo- 
planar diffusion-weighted sequence; and (b) inver-
sion recovery, in which a 180° RF prepulse with 
short inversion time inversion recovery (STIR) is 
applied prior to performing the echoplanar diffu-
sion-weighted sequence. Generally, fat suppression 
will provide better SNR than will STIR. However, 
STIR provides more homogeneous fat suppression 
than does a fat suppression technique.

Wenkel et al (31) compared these two fat sup-
pression techniques in a diffusion-weighted breast 
imaging study performed at 1.5 T with an inver-
sion time of 190 ms, and found that (a) the ADC 
value was significantly different between these two 
techniques, and (b) there was a larger overlap in 
the ADC values of benign and malignant tumors 
with STIR than with fat suppression. In addition, 
lesion delineation was better with fat suppression 
than with STIR, possibly due to improved SNR 
per unit time with fat suppression.

Baron et al (16) conducted another study in 
which four types of fat suppression were com-
pared at 1.5 T: STIR, fat saturation, spectrally 
adiabatic inversion recovery, and water excitation. 
Small differences between ADC values were ob-
served at lower b values, with larger differences at 
higher b values. Of the four techniques, water ex-
citation was found to yield the highest SNR (16).

Table 1 
Suggestions for Optimal Diffusion-weighted 
Imaging

Perform slab shimming to reduce B0 inhomo-
geneities

Use spin-echo echoplanar imaging rather than 
gradient-echo echoplanar imaging, which is more 
sensitive to B0 inhomogeneities; better still, use 
segmented spin-echo echoplanar imaging because 
it is much less sensitive to off-resonance artifacts

Reduce the number of k-space lines read per single 
excitation (I factor)

Optimize bandwidth value to allow minimum 
echo spacing; bandwidth must be increased to 
reduce chemical shift artifact, since low band-
width causes image distortions in the phase-
encoding direction

Enable fat saturation
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Figure 2.  DCIS as measured in a patient over a 5-year period. The patient had undergone ultrasonography-guided 
biopsy several times, which resulted in benign histologic findings over the entire period. All MR images were acquired 
at 1.5 T. (a) Diffusion-weighted MR image obtained in 2005 at b = 750 sec/mm2 without ASSET using a single-channel 
coil (spin-echo echoplanar imaging, repetition time [TR] msec/echo time [TE] msec = 6000/68.3, bandwidth = ±129 
kHz, field of view [FOV] aspect ratio = 0.8 [320 × 256], matrix = 128 × 128, section thickness = 6 mm, no intersection 
gap, SSRF prepulse). (b) Diffusion-weighted MR image obtained in 2008 at b = 1500 sec/mm2 without ASSET (spin-
echo echoplanar imaging, TR/TE = 8200/75.3, bandwidth = ±250 kHz, FOV aspect ratio = 0.7 [340 × 238], ma-
trix = 160 × 192, section thickness = 5 mm, no intersection gap, SSRF prepulse). (c) Diffusion-weighted MR image 
obtained in 2009 at b = 1500 sec/mm2 with ASSET (spin-echo echoplanar imaging, TR/TE = 7800/88.4, bandwidth = 
±250 kHz, FOV = 340 mm, matrix = 160 × 192, section thickness = 5 mm, no intersection gap, SSRF prepulse) 
shows improved SNR and reduced image artifacts.

In contrast, Kazama et al (32) found that the 
ADC values obtained using STIR and fat-sup-
pressed diffusion-weighted imaging techniques at 
1.5 T were very similar, and that STIR diffusion-
weighted imaging–based methods provided more 
homogeneous fat suppression.

In summary, STIR has the disadvantage of 
decreased SNR and potential overlap of ADC 
values, whereas fat suppression technique suffers 
from inhomogeneous suppression of fat.

Application of Parallel MR Imaging
Parallel MR imaging, a newer technique that is 
increasingly being used, makes use of spatial en-
coding from multiple RF detector coils to supple-
ment the encoding supplied by magnetic field 
gradients, thereby making MR image acquisition 
time shorter than what was possible previously. 
To reduce acquisition time, a certain fraction 
of phase-encoding steps are skipped, resulting 
in a sparsely sampled k-space matrix. This is 
accomplished by using the spatial information 
contained in an array of RF coils in combination 
with a special reconstruction strategy.

The benefits of parallel MR imaging are great-
est with single-shot sequences (eg, echoplanar im-
aging sequences) due to reduced relaxation effects 
of the signal and, therefore, reduced blurring and 
other artifacts (33). In addition, the combination 
of single-shot sequences and parallel MR imaging 
can be used to reduce effective interecho spacing, 
ultimately resulting in decreased image distortion. 
Several studies have shown the advantages of using 
parallel MR imaging for diffusion-weighted breast 
imaging studies. In one study, the sensitivity-
encoding technique (34) was used, resulting in a 
reduction in the number of phase-encoding steps 
and in acquisition time, with an associated reduc-
tion in susceptibility and chemical shift artifacts 
(3). Similarly, in another study, in which diffusion-
weighted breast imaging with the proprietary array 
spatial sensitivity encoding technique (ASSET; 
GE Healthcare, Waukesha, Wis) was used, there 
was a reduction in image distortion, susceptibil-
ity artifacts, and acquisition time relative to other 
methods (Fig 2) (17).
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Use of Breast Coils
A wide variety of commercially manufactured 
breast coils are currently available for breast 
imaging, many of which incorporate multichan-
nel coils that allow parallel imaging techniques, 
thereby shortening imaging time by reducing the 
number of phase-encoding steps and reducing 
image distortion in echoplanar techniques. When 
a sufficient number of coil elements are arranged 
in the phase-encoding direction, time can be 
saved by reducing the number of phase-encoding 
steps required to complete k-space filling. For op-
timal and effective use of parallel imaging, there 
must be a sufficient number of coil elements ar-
ranged in the phase-encoding direction to reduce 
the number of phase-encoding steps. Reduction 
in imaging time, commonly referred to as the ac-
celeration factor, is a function of the number of 
coil elements and their arrangement in the phase-
encoding direction. As a result of time reduction 
and the elimination of some phase-encoding 
steps, SNR is also reduced. This reduction in 
SNR can sometimes be overcome by increasing 
the number of signal acquisitions or by increas-
ing phase oversampling. Single-shot techniques 
(eg, echoplanar imaging) in particular can benefit 
from the use of parallel imaging for reduction of 
image artifacts.

Diffusion-weighted  
Breast Imaging in Clinical Practice
Diffusion-weighted breast imaging is technically 
challenging for several reasons: (a) the breast tis-
sue is off center within the imager bore, (b) there 
are inherent susceptibility artifacts due to the 
presence of air surrounding the breast and the 
proximity of the adjacent air-filled thorax, (c) the 
breast has an irregular shape, and (d) the breast 
contains abundant fat tissue. However, many 
technical improvements can be used to improve 
image quality in diffusion-weighted imaging for 
breast disease.

The introduction of diffusion-weighted imag-
ing into routine clinical evaluation of breast dis-
ease requires attention to some important points.

1. Patient position is crucial to the final quality 
of diffusion-weighted breast images. Both breasts 
have to fit entirely within the coil. Positioning 
pads and cushions should be used to eliminate 

skin folds within the coil, near the axilla, and un-
der the breast (eg, abdominal fat). Skin folds may 
cause inhomogeneous fat suppression that will 
affect image quality.

2. Shimming and uniform fat suppression. 
Shimming is used to reduce magnetic field in-
homogeneities across the volume of the FOV. 
On some commercial imagers, shimming can be 
selected to be automatically performed before 
diffusion-weighted image acquisition, after which 
the operator has the option of manually adjusting 
and improving the automated shim. Shimming 
is important in echoplanar diffusion-weighted 
imaging because it contributes to more effective 
and homogeneous fat suppression. Improved 
shimming, or a higher magnetic field strength, 
allows better spectral separation of water and fat 
resonances (224 Hz at 1.5 T and 448 Hz at 3 T), 
and thus, better fat suppression. Table 2 shows 
the acquisition parameters for our diffusion-
weighted imaging sequence as performed at 1.5 
T. Diffusion-weighted imaging is performed prior 
to contrast enhancement to avoid the effect of 
contrast material.

Table 2 
Parameters for Single-Shot Echoplanar Diffu-
sion-weighted Imaging at 1.5 T with a Dedi-
cated Eight-Channel Breast Coil

Parameter Specification

b value (sec/mm2) 0, 1000; 0, 1500
TR/TE (msec) 7800/80,† 7800/88†

Fat suppression SSRF prepulse
FOV (mm) 340
Matrix 160 × 192
Section thickness (mm) 5
Intersection interval 

(mm)
0

MPG 3
No. of signals averaged 4 (b = 1000 sec/mm2),  

  6 (b = 1500 sec/mm2)
rBW (kHz) ±125
ASSET Yes
Imaging time (min) 5

Note.—MPG = motion-probing gradient, rBW = 
receiver bandwidth. 
*MR imager (HDx) and breast coil manufactured 
by GE Medical Systems, Waukesha, Wis. 
†Minimum TE is automatically determined.
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Figure 3.  Diffusion-weighted images of a phantom, 
obtained at b values of 1000 (a), 1750 (b), and 2000 (c) 
sec/mm2, show how the signal intensity of water (W) 
and detergent (D) decreases as b value increases. The 
signal intensity of detergent remains high until b = 1750 
sec/mm2, whereas the signal intensity of water is close 
to the noise level at b = 2000 sec/mm2. This is because 
detergent has a higher viscosity than water.

Correlation between Signal  
Intensity, b Value, and ADC Value

Signal Intensity and b Value
Signal intensity at diffusion-weighted imaging is 
influenced by b value according to the following 
equation, which is modified from Equation 1:

SDW = SSE(exp[−b ∙ D]) ∝ r(1 − exp[−TR 
/T1]) × exp(−TE/T2) × exp(−b ∙ D),

(4)

where D is the diffusion coefficient, SDW is the at-
tenuated spin-echo signal, SSE is the full spin-echo 
signal without diffusion attenuation, and r is the 
spin density (35,36). According to this equation, 
the signal intensity at diffusion-weighted imag-
ing consists of T2-weighted signal and diffusion-
weighted signal. The latter is emphasized with the 
application of higher motion-probing gradients. 
On the other hand, T2-weighted signal will be 
emphasized at lower b values (T2 shine-through 
effect). In addition, the signal intensity at diffu-
sion-weighted imaging will decrease as b value 
increases; thus, an SNR that is sufficient for lesion 
detection must be provided while emphasizing the 

contribution from the diffusion coefficient alone 
because of their “trade-off” relationship (Fig 3).

In Equation 4, (1 − exp[−TR/T1]) is approxi-
mately 1, since TR is much greater than T1 for 
single-shot spin-echo echoplanar imaging. There-
fore, Equation 4 can be rewritten as follows:

SDW ∝ r (exp[−TE/T2]) × exp(−b ∙ D). (5)

Figure 4 is a graph of exp(−b ∙ D), which is pro-
portional to signal intensity at diffusion-weighted 
imaging (SDW) (see Eq 4), versus b value. In this 
case, the signal intensity at T2-weighted imaging is 
determined to be consistent. The signal intensity 
at diffusion-weighted imaging becomes lower as 
b value increases, but a higher b value emphasizes 
contrast resolution between various diseases and 
normal breast tissue. However, an overly high b 
value reduces the overall SNR of the experiment.

Identification of a discrete breast lesion is 
mandatory for evaluating its ADC value, and do-
ing so requires sufficient contrast resolution to 

Figure 4.  Graph illustrates the correlation between 
exp(−b ∙ D) and b value at various diffusion coefficients. 
According to Equation 4, exp(−b ∙ D) is proportional to 
the signal intensity at diffusion-weighted imaging. Ar-
rows indicate the signal contrast between different tissue 
types with various diffusion coefficients. Higher signal 
contrast can be seen between lower diffusion coefficients 
at a higher b value than at a lower b value (solid ar-
rows). On the other hand, higher signal contrast can be 
seen between higher diffusion coefficients at a lower b 
value than at a higher b value (open arrows).
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from 0 to 1000 sec/mm2 and found that the ADC 
value calculated for a combination of b values 
of 0 and 750 sec/mm2 showed a slightly better 
sensitivity and specificity than did the ADC value 
calculated for other b-value combinations. The 
optimal b value for diffusion-weighted breast im-
aging remains controversial, since the optimal b 
value required for visual interpretation may differ 
from that required for ADC value analysis. Table 
3 summarizes the effect of b value on the visibility 
of breast lesions.

b Value and ADC Value
ADC value may be more specific than signal 
intensity change at diffusion-weighted imaging 
alone. However, at low b values, the ADC value is 
influenced by tissue microperfusion, resulting in a 
higher value. The microperfusion effect has been 
observed in the parotid gland (b <500 sec/mm2), 
abdominal organs (b <300 sec/mm2), bone mar-
row (b <200 sec/mm2), skeletal muscle (b <60 sec/
mm2), and human placenta (b <50 sec/mm2) (42–
45). The microperfusion effect in normal fibro-
glandular breast tissue is not considered significant 

Figure 5.  Ductal carcinoma in situ (DCIS) in the left 
breast. Diffusion-weighted images obtained at b values of 
500 (a), 1000 (b), and 1500 (c) sec/mm2 show that the 
signal intensity of normal breast parenchyma decreases 
with increasing b value. The signal intensity of DCIS in 
the right breast (arrows) is conspicuous relative to the 
decreased signal intensity of normal breast parenchyma 
in b, and the signal intensity of normal breast parenchyma 
in the left breast is close to the noise level in c.

differentiate the breast lesion from the adjacent 
breast parenchyma. Kuroki and Nasu (9) com-
pared the signal intensity of the normal mam-
mary gland with that of breast cancer at various 
b values to establish the optimal b value. In their 
study, a b value of 1000 sec/mm2 was considered 
optimal for diffusion-weighted breast imaging, 
since the signal of the normal mammary gland 
is suppressed and the signal of breast cancer is 
sufficiently high to allow detection and evalua-
tion. On the other hand, the authors stated that 
the signal of the mammary gland might not be 
suppressed at b = 1000 sec/mm2 in cases of se-
vere fibrocystic disease (9), and recent studies 
have documented the usefulness of a b value of 
1500 sec/mm2 (10,37,38). Figure 5 illustrates 
signal attenuation in a normal mammary gland 
and breast cancer at various b values. Although 
the use of higher b values has been advocated for 
diffusion-weighted brain imaging to obtain bet-
ter contrast between normal tissue and ischemic 
areas (39,40), such results are not likely in the 
breast. The use of higher b values may be ideal 
for the evaluation of dense breast tissue; however, 
the evaluation of small lesions (including DCIS) 
may be hampered at high b values due to more 
rapid signal decay. Pereira et al (41) analyzed the 
ADC values of breast cancers at b values ranging 
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Figure 7.  Changes in ADC value versus changes in b 
value. Diffusion-weighted images were obtained at b val-
ues of 500, 750, 1000, and 1500 sec/mm2, and the ADC 
value at each b value was calculated from the signal 
intensity of diffusion-weighted images obtained at each 
b value and at b = 0 sec/mm2. All cases show a decrease 
in ADC value with an increase in b value.

Figure 6.  Simulations of single-compartment and two-
compartment models with extracellular free diffusion 
and intracellular restricted diffusion. Graph illustrates 
the correlation between S/S0 (S = signal intensity with 
diffusion, S0 = signal intensity without diffusion) and 
b value, expressed as S/S0 = f1(exp[−b ∙ D1]) + f2(exp[−b 
∙ D2]), where D1 = extracellular diffusion coefficient, 
D2 = intracellular diffusion coefficient, f1 = extracellular 
volume fraction, and f2 = intracellular volume fraction. 
Parameters were as follows: D1 = 1.0 × 10-3 mm2/sec, 
D2 = 0.1 × 10-3 mm2/sec, f1 = 0.7, and f2 = 0.3.

because of the low vascularity of breast tissue (16). 
However, this effect could be more pronounced 
in breast cancer because of increased vascularity, 
although this has not yet been proved.

Recent studies have documented that the sig-
nal decay fits the multiexponential model in vivo 
at higher b values, in which each compartment 
has different ADC values. The simplest model 
is the intracellular-extracellular compartments 
model, which is applied to the brain and prostate 
gland (Fig 6) (42,46). The important point is 
that ADC values can be influenced by which b 
values are applied, a fact that highlights the need 
for consistent and standardized protocols. Figure 
7 illustrates the decrease in ADC value with a 
change in b value in various diseases.

Pereira et al (41) analyzed the ADC values of 
benign and malignant breast tumors with various 
combinations of b values (0, 250, 500, 750, and 
1000 sec/mm2). They found that it is not neces-
sary to use multiple b values because the sensitiv-
ity of an ADC value with two b values is equiva-
lent to that with multiple b values. Given the 
time constraints of clinical practice, analysis of an 
ADC value with two b values may be considered 
reasonable and acceptable.

Table 3 
Effect of b Value on the Visibility of Breast Lesions

b Value  
(sec/mm2) Quality

SNR, 
CNR

Conspicuity  
Against the Breast 

Parenchyma

Visual Differentia-
tion Between  

Benign and Malig-
nant Lesions

Benign 
Tumor

Low-Grade 
DCIS

High-Grade 
DCIS, IDC

1000 ++ +++ + + ++ ++ +++
1500 ++ ++ ++ ++ + + +++

Note.—CNR = contrast-to-noise ratio, IDC = invasive ductal carcinoma, +++ = excellent, ++ = good, + = 
acceptable.
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Signal Intensity and ADC Value
As described earlier, the high signal intensity on 
diffusion-weighted images reflects the restricted 
diffusion of water molecules in malignant tissue 
with high cellularity. Previous studies have shown 
an inverse correlation between the cellularity of 
breast cancer and ADC value (4,10,47). How-
ever, some benign breast tumors (eg, intraductal 
papilloma) may also have high cellularity and, 
consequently, a low ADC value. On the other 
hand, malignant disease with low cellularity (eg, 
DCIS) may demonstrate low signal intensity on 
diffusion-weighted images.

Tables E1 and E2 (online) summarize the 
parameters used for previous diffusion-weighted 
breast imaging studies and the findings obtained 
with these studies. Most of these studies demon-
strated a significant difference in ADC value be-
tween benign and malignant tumors. Each article 
defines the cut-off point for the ADC value that 
provides high sensitivity and specificity for the dis-
crimination of breast cancer (Table E2 [online]). 
However, there is overlap between benign and 
malignant diseases (10,37). Moreover, there is 

currently no standard ADC value for each breast 
disease because there is no consensus on an ac-
cepted range of b values for diffusion-weighted 
imaging. Several studies suggest the diagnostic 
assessment of diffusion-weighted images in com-
bination with the assessment of signal intensity 
and lesion morphologic features on T2-weighted 
images (27,30). The combination of a high sig-
nal intensity at diffusion-weighted imaging, a 
low ADC value, an irregular margin, and iso- to 
hypointensity at T2-weighted imaging is a poten-
tial indication for malignancy. This combination 
method may improve the specificity of breast can-
cer assessment compared to a diagnosis made on 
the basis of ADC value alone (37). MR imaging 
consisting of a combination of diffusion-weighted 
and T2-weighted imaging and performed without 
the use of a gadolinium chelate may be a substi-
tute for contrast-enhanced studies. Table 4 shows 
the signal intensities at diffusion-weighted imaging 
and T2-weighted imaging for various pathologic 
conditions of the breast.

Normal Breast Parenchyma.—Variation in the 
signal intensity and ADC value of normal breast 
parenchyma is observed due to normal hormonal 

Table 4 
Signal Intensity and ADC Value for Various Pathologic Conditions of the Breast

Pathologic Condition 

Signal Intensity at  
Diffusion-weighted 

Imaging*

Signal Intensity  
at T2-weighted  

Imaging ADC Value Interpretation of Findings

Cancer, intraductal  
papilloma, abscess 

High Intermediate Decreased High-cellularity tumor, 
fibrous tissue with high 
water content

Bloody cyst, abscess High Intermediate 
to high

Decreased Hemorrhage, high-viscosity 
fluid

Fibroadenoma, cyst,  
fibrocystic disease 

Intermediate Intermediate 
to high

Intermediate 
to high

Medium cellularity, high wa-
ter content, proteinaceous 
fluid

Cyst, fibroadenoma,  
mucinous carcinoma

Low High Increased High water content, low cel-
lularity

Fibroadenoma, central  
necrosis of cancer,  
calcification, chronic 
hemorrhage

Low Low Decreased Calcification, fibrous tissue 
with low water content, 
hyalinization, hemosiderin

*b = 1500 sec/mm2. However, signal intensity may differ depending on the imaging parameters.
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Figure 8.  Changes in signal intensity and ADC value during the menstrual cycle in a 27-year-old woman. A focal 
asymmetric density was seen at mammography. (a) Contrast-enhanced T1-weighted MR image (VIBRANT [GE 
Healthcare], TR/TE = 6.5/3.1, flip angle = 12°, bandwidth = ±41.7 kHz, FOV = 360 mm, section thickness = 0.9 mm, 
no intersection gap, spectrally selected inversion recovery [SpecIR] with ASSET) obtained on day 22 of the menstrual 
cycle shows nonspecific punctate enhancement in both breasts. (b) On a diffusion-weighted image obtained at b = 
1500 sec/mm2 (spin-echo echoplanar imaging, TR/TE = 7800/88.4, bandwidth = ±250 kHz, FOV = 340 mm,  
matrix = 160 × 192, section thickness = 5 mm, no intersection gap, SSRF prepulse with ASSET) at the same time 
as a, no high-signal-intensity lesion is observed. (c) Contrast-enhanced T1-weighted MR image obtained on day 
2 of the menstrual cycle shows diffuse contrast enhancement in both breasts. (d) On a diffusion-weighted image (b = 
1500 sec/mm2) obtained at the same time as c, slight diffuse nodular high signal intensity is observed in both breasts. 
The ADC value of breast tissue is higher on day 2 (2.26 × 10-3 mm2/sec) than on day 22 (1.87 × 10-3 mm2/sec).

fluctuations throughout the menstrual cycle and 
differences in individual physiologic and bio-
chemical makeup (52). In women with normal 
menstrual cycles, ADC values decrease in week 
2 and increase during week 4, although these dif-
ferences do not reach statistical significance. This 
phenomenon is thought to be due to an increase 
in the water content of the breast during the 
second half of the menstrual cycle, with ADC 
values reaching a peak a few days before the on-
set of menstruation. The reduced ADC value in 
week 2 of the menstrual cycle is thought to cor-
relate with reduced water content in the breast 
during this time (53,54). It has been found that 
there is an increased rate of false-positive find-

ings at contrast-enhanced breast MR imaging 
during weeks 1 and 4 of the menstrual cycle 
(54). Therefore, it is recommended that contrast-
enhanced breast MR imaging be performed dur-
ing week 2 of the cycle. In contrast, owing to the 
lower ADC value of normal breast parenchyma 
at this time, the difference in signal contrast 
and ADC value between the normal breast and 
breast tumor may be smaller in week 2 of the cy-
cle; therefore, diffusion-weighted imaging of the 
breast may not be appropriate in week 2. Figure 
8 shows changes in signal intensity and ADC 
value during the menstrual cycle.
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Figure 9.  DCIS in the left breast. (a) Contrast-enhanced T1-weighted MR image (VIBRANT, TR/TE = 6.5/3.1, flip 
angle = 12°, bandwidth = ±41.7 kHz, FOV = 360 mm, matrix = 360 × 360, section thickness = 0.9 mm, no intersec-
tion gap, SpecIR with ASSET) shows segmental enhancement in the left breast (arrow), a finding that is compatible 
with DCIS. (b) On a diffusion-weighted image obtained at b = 1000 sec/mm2 (spin-echo echoplanar imaging, TR/
TE = 9800/77.6, bandwidth = ±250 kHz, FOV aspect ratio = 0.8 [340 × 272], matrix = 160 × 192, section thickness 
= 5 mm, no intersection gap, SSRF prepulse without ASSET), the signal intensities of the DCIS (arrow) and normal 
breast parenchyma are almost equivalent. (c) On a diffusion-weighted image obtained at b = 1500 sec/mm2 (TR/TE 
= 9800/85.3), the difference between the signal intensity of the DCIS (arrow) and that of normal breast parenchyma 
is more evident than in b. (d) On an ADC map obtained at b = 1500 sec/mm2, the difference between the color of the 
DCIS (arrow) and that of the surrounding normal breast parenchyma is quite subtle. The ADC value of the DCIS is 
1.12 × 10-3 mm2/sec, and that of normal breast parenchyma is 1.48 × 10-3 mm2/sec.

The signal of breast parenchyma is usually 
suppressed when diffusion-weighted images are 
acquired at high b values (1000–1500 sec/mm2). 
Occasionally, however, dense breast parenchyma 
will remain hyperintense on high-b-value images 
(b = 1000 sec/mm2), potentially masking the sig-
nal of malignant tumors (Fig 9). In such cases, an 
ADC map may be useful for distinguishing be-
tween normal breast parenchyma and malignant 
tumor. However, the detection of DCIS may be 
difficult on ADC maps alone.

Breast Cancer.—Because of their higher cellular-
ity, the majority of invasive ductal carcinomas 

(IDCs) demonstrate higher signal intensity and 
lower ADC values than do benign tumors and 
normal breast parenchyma on diffusion-weighted 
images. In addition, there is occasionally central 
hypointensity in IDCs, which is thought to repre-
sent necrosis or fibrosis. This appearance usually 
corresponds to the appearance on contrast-en-
hanced T1-weighted MR images. High-resolution 
diffusion-weighted imaging can display the mor-
phologic features of the tumor, which may be 
helpful for interpretation (Fig 10). When calculat-
ing ADC values, one should avoid including the 
central necrosis or hemorrhage; otherwise, the 
resulting ADC value will not reliably reflect the 
physiologic environment of the tumor (Fig 11).



RG  •  Volume 31  Number 4	 Woodhams et al  1071

Figure 11.  IDC with central necrosis. (a) Contrast-enhanced T1-weighted MR image (VIBRANT, TR/TE = 6.5/3.1, 
flip angle = 12°, bandwidth = ±41.7 kHz, FOV = 360 mm, matrix = 350 × 350, section thickness = 0.9 mm, no inter-
section gap, SpecIR with ASSET) shows a mass containing an unenhanced area that represents necrosis or degeneration. 
(b) Diffusion-weighted image obtained at b = 1500 sec/mm2 (spin-echo echoplanar imaging, TR/TE = 7800/88.4, 
bandwidth = ±250 kHz, FOV = 340 mm, matrix = 160 × 192, section thickness = 5 mm, no intersection gap, SSRF 
prepulse with ASSET) shows the mass with peripheral high signal intensity (arrow) and central low signal intensity 
(arrowhead). (c) On an ADC map, the ADC value of the high-signal-intensity area (arrow) is 0.89 × 10-3 mm2/sec, 
and that of the low-signal-intensity area (arrowhead) is 1.81 × 10-3 mm2/sec (cf b). The ADC value of a region of 
interest that encompassed both areas was 1.52 × 10-3 mm2/sec, a finding that indicated a benign tumor.

Figure 10.  IDC. (a) Contrast-enhanced T1-weighted 
MR image (VIBRANT, TR/TE = 6.5/3.1, flip angle = 
12°, bandwidth = ±41.7 kHz, FOV = 360 mm, matrix = 
350 × 350, section thickness = 0.9 mm, no intersection 
gap, SpecIR with ASSET) shows a spiculated mass with 
peripheral enhancement. (b) On a diffusion-weighted im-
age obtained at b = 1500 sec/mm2 (spin-echo echoplanar 
imaging, TR/TE = 7800/88.4, bandwidth = ±250 kHz, 
FOV = 340 mm, matrix = 160 × 192, section thickness = 
5 mm, no intersection gap, SSRF prepulse with ASSET), 
the mass has high signal intensity with marginal spicula-
tion and a central hypointense area. (c) Photomicrograph 
(original magnification, ×200; hematoxylin-eosin stain) 
shows IDC with central fibrotic change.
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disease. On diffusion-weighted images obtained 
at a high b value, the signal intensity of DCIS 
remains unchanged while the surrounding fibro-
cystic disease demonstrates loss of signal inten-
sity. Consequently, the use of higher b values may 
help distinguish between fibrocystic disease and 
DCIS. Figure 12 illustrates a case of DCIS and 
fibrocystic disease.

Invasive lobular carcinoma presents another 
diagnostic challenge at MR imaging, and its size 
may be underestimated at diffusion-weighted 

Figure 12.  DCIS and fibrocystic disease. (a) Contrast-enhanced T1-weighted MR image (VIBRANT, TR/TE = 
7.1/3.4, flip angle = 12°, bandwidth = ±41.7 kHz, FOV = 360 mm, matrix = 400 × 400, section thickness = 0.9 mm, 
no intersection gap, SpecIR with ASSET) shows bilateral segmental enhancement representing DCIS in the left breast 
(arrows) and fibrocystic disease in the right breast (arrowheads). (b) Diffusion-weighted image obtained at b = 1000 
sec/mm2 (spin-echo echoplanar imaging, TR/TE = 9800/77.6, bandwidth = ±250 kHz, FOV aspect ratio = 0.8 [340 × 
272], matrix = 160 × 192, section thickness = 5 mm, no intersection gap, SSRF prepulse without ASSET) shows cor-
responding hyperintense lesions. Arrows indicate DCIS, arrowheads indicate fibrocystic disease. (c) On a diffusion-
weighted image obtained at b = 1500 sec/mm2 (TR/TE = 9800/85.3), the fibrocystic disease (arrowheads) shows a 
loss in signal intensity (ADC value of 1.01 × 10-3 mm2/sec), whereas the DCIS (arrows) shows an increase in signal 
intensity (ADC value of 1.17 × 10-3 mm2/sec).

The interpretation of DCIS at diffusion-
weighted imaging remains controversial. Mass-
forming DCIS will manifest with high signal 
intensity at diffusion-weighted imaging due to 
its relatively high cellularity. However, the sig-
nal intensity of DCIS with low cellularity (eg, 
low-grade DCIS) may be ambiguous, especially 
at higher b values, due to signal decay result-
ing from the use of higher diffusion gradients. 
Consequently, most of the false-negative cases 
reported at diffusion-weighted imaging represent 
DCIS (5,27,30,37). Therefore, some of the previ-
ous reports of ADC values at breast MR imag-
ing omit DCIS cases from their analysis on the 
assumption that the ADC value of DCIS may 
not be reliable due to the sparse distribution of 
cells and the possibility of interspersed normal 
breast parenchyma. Another problem when as-
sessing DCIS at diffusion-weighted imaging is 
differentiating between DCIS and fibrocystic 
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imaging. This inaccuracy may be due to the 
distribution of infiltrating cells, which lack cohe-
sion, resulting in single lines of low cellularity 
that can be difficult to detect on low-spatial-
resolution images (38). Figure 13 shows an inva-
sive lobular carcinoma. The high-signal-intensity 
lesion seen at diffusion-weighted imaging has a 
dim margin that is less conspicuous than that of 

Figure 13.  Invasive lobular carcinoma. (a) Contrast-enhanced T1-weighted MR image (VIBRANT, TR/TE = 
7.1/3.4, flip angle = 12°, bandwidth = ±41.7 kHz, FOV = 360 mm, matrix = 400 × 400, section thickness = 0.9 mm, 
no intersection gap, SpecIR with ASSET) shows an irregular enhanced lesion (arrows) in the upper outer quadrant of 
the right breast. (b) On a diffusion-weighted image obtained at b = 1500 sec/mm2 (spin-echo echoplanar imaging, TR/
TE = 9800/85.3, bandwidth = ±250 kHz, FOV aspect ratio = 0.7 [340 × 238], matrix = 160 × 224, section thick-
ness = 5 mm, no intersection gap, SSRF prepulse without ASSET), the lesion (arrows) has high signal intensity with 
indistinct margins. (c) Photomicrograph (original magnification, ×200; hematoxylin-eosin stain) shows widely 
distributed interlacing tumor foci in the stromal tissue.

IDC (Fig 13b). The analysis of ADC values can 
help distinguish between benignity and malig-
nancy in both masslike and nonmasslike lesions. 
However, the ADC value of nonmasslike lesions 
is significantly higher than that of masslike le-
sions, so that the former may be misdiagnosed 
as benign lesions (50).

Mucinous carcinoma has a specific appearance 
at diffusion-weighted imaging (10). It contains a 
mucin lake compartment, so that its signal inten-
sity remains hyperintense on diffusion-weighted 
images (obtained at a low b value) and hyperin-
tense on T2-weighted images. At a higher b value, 
the signal intensity of mucinous carcinoma will 
decrease at diffusion-weighted imaging due to T2 
shine-through. The ADC value of mucinous car-
cinoma is generally higher than that of IDC, al-
though it varies depending on the cellularity and 
relative volume of the mucin compartment (10). 
At diffusion-weighted imaging, an internal struc-
ture with heterogeneous high signal intensity and 
nodular architecture, together with a hypointense 
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lignancy due to a low ADC value (Fig 15) (5,37). 
Its diagnosis will remain problematic even with 
the combined use of ADC value, signal intensity, 
and morphologic features.

The majority of fibroadenomas have inter-
mediate to low signal intensity relative to IDC 
at higher b values, and may have a lower signal 
intensity than that of the surrounding breast pa-
renchyma due to myxomatous change (Figs 16, 
17). The ADC value of fibroadenoma is generally 
higher than that of IDC. In large fibroadenomas, 
a low-signal-intensity septum may be observed 
on diffusion-weighted images. Phyllodes tumor 

Figure 14.  Mucinous carcinoma. (a) T2-weighted MR image (fast spin-echo imaging, TR/TE = 5000/88.6, 
bandwidth = ±31.2 kHz, FOV = 200 mm, matrix = 288 × 192, section thickness = 3 mm, intersection gap = 
1 mm, chemical shift saturation) shows a mass with homogeneous high signal intensity and clear margins. 
A hypointense septumlike structure is seen within the tumor. (b) On a diffusion-weighted image obtained at b = 
1500 sec/mm2 (spin-echo echoplanar imaging, TR/TE = 9800/85.3, bandwidth = ±250 kHz, FOV aspect ratio = 
0.7 [340 × 238], matrix = 160 × 192, section thickness = 5 mm, no intersection gap, SSRF prepulse without 
ASSET), the mass (arrows) has low signal intensity and cannot easily be detected. (c) On an ADC map, the 
mass has a homogeneous high ADC value (2.61 × 10-3 mm2/sec).

lesion, may be additional signs of mucinous car-
cinoma, although these findings may not always 
be observed (10). When mucinous carcinoma 
demonstrates a homogeneous internal structure, 
it may be difficult to distinguish from cyst and 
fibroadenoma because of the similar signal inten-
sities and ADC values (Fig 14).

Benign Tumors.—Cyst, fibroadenoma, and fibro-
cystic disease demonstrate high signal intensity on 
T2-weighted MR images; however, the signal inten-
sity of benign tumors such as these is variable on 
diffusion-weighted images and may be influenced 
by b value much more than the signal intensity of 
malignant tumors because of T2 shine-through. 
These benign tumors may display high signal inten-
sity on diffusion-weighted images obtained at lower 
b values; on diffusion-weighted images obtained at 
higher b values, these tumors become isointense 
and may not be identified (27,30,37,50,55). Table 
E2 (online) shows the ADC values of benign tu-
mors as reported in previous studies.

Intraductal papilloma is one of the benign 
breast diseases that can be misdiagnosed as ma-
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Figure 15.  Intraductal papilloma. (a) Contrast-enhanced T1-weighted MR image (VIBRANT, TR/TE = 6.5/3.1, flip 
angle = 12°, bandwidth = ±41.7 kHz, FOV = 360 mm, matrix = 350 × 350, section thickness = 0.9 mm, no intersection 
gap, SpecIR with ASSET) shows a mass with strong contrast enhancement (arrows). Bilateral areas of diffuse nodular 
enhancement are observed in the breasts. (b) Diffusion-weighted image obtained at b = 1500 sec/mm2 (spin-echo 
echoplanar imaging, TR/TE = 7800/88.4, bandwidth = ±250 kHz, FOV = 340 mm, matrix = 160 × 192, section thick-
ness = 5 mm, no intersection gap, SSRF prepulse with ASSET) shows the mass with high signal intensity (arrows). 
Diffuse hyperintense lesions are also observed. The mass had an ADC value of 0.83 × 10-3 mm2/sec.

Figure 16.  Fibroadenoma with myxomatous change. (a) T2-weighted MR image (fast spin-echo imaging, 
TR/TE = 5000/88.6, bandwidth = ±31.2 kHz, FOV = 200 mm, matrix = 288 × 192, section thickness = 3 mm, 
intersection gap = 1 mm, chemical shift saturation) shows a lobulated mass with high signal intensity and smooth 
margins. (b) On a diffusion-weighted image obtained at b = 1500 sec/mm2 (spin-echo echoplanar imaging, 
TR/TE = 9800/85.3, bandwidth = ±250 kHz, FOV aspect ratio = 0.7 [340 × 238], matrix = 160 × 192, section 
thickness = 5 mm, no intersection gap, SSRF prepulse without ASSET), the signal intensity of the mass (ar-
rows) is close to the noise level. (c) ADC map shows the mass with an ADC value of 1.82 × 10-3 mm2/sec.
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may manifest with a lobulated shape and a hy-
pointense septum, appearing similar to fibroad-
enoma (Fig 18).

The appearance of fibrocystic disease at diffu-
sion-weighted imaging is variable, with diffuse, bi-
lateral nodular, or segmental high signal intensity 
being typical. In addition, in the majority of cases, 
the signal intensity of fibrocystic disease decreases 
as b value increases (Fig 19); thus, imaging at a 
higher b value may be useful in differentiating 
between DCIS and fibrocystic disease. In some 
cases, however, fibrocystic disease remains hyper-

Figure 17.  Bilateral multiple fibroadenoma in the 
breasts. (a) Diffusion-weighted image obtained at b 
= 0 sec/mm2 shows a hyperintense mass in the left 
breast (arrowheads) and a mass with even higher 
signal intensity in the right breast (arrows). Both 
masses have smooth margins. Diffusion-weighted 
imaging with a b value of 0 sec/mm2 is equivalent 
to fat-saturated T2-weighted imaging. (b) On a 
diffusion-weighted image obtained at b = 1500 sec/
mm2 (spin-echo echoplanar imaging, TR/TE = 
9500/88.9, bandwidth = ±250 kHz, FOV aspect 
ratio = 0.8 [340 × 272], matrix = 160 × 224, sec-
tion thickness = 6 mm, no intersection gap, SSRF 
prepulse without ASSET), the mass in the left 
breast (arrowheads) is slightly hyperintense and 
contains hypointense septumlike structures, find-
ings that are consistent with those seen in a. The 
mass in the right breast (arrows) demonstrates high 
signal intensity. (c) On an ADC map, the left-sided 
mass (arrowheads) has an ADC value of 1.65 × 10-3 
mm2/sec, and the right-sided mass (arrows) has an 
ADC value of 1.52 × 10-3 mm2/sec.

Figure 18.  Benign phyllodes tumor. (a) T2-
weighted MR image (fast spin-echo imaging, TR/
TE = 5000/88.6, bandwidth = ±31.2 kHz, FOV = 
200 mm, matrix = 288 × 192, section thickness = 3 
mm, intersection gap = 1 mm, chemical shift satu-
ration) shows a lobulated mass containing hypoin-
tense septumlike structures. (b) Diffusion-weighted 
image (spin-echo echoplanar imaging, TR/TE = 
8200/75.3, bandwidth = ±250 kHz, FOV = 340 × 
340, matrix = 160 × 192, section thickness = 5 mm, 
no intersection gap, SSRF prepulse with ASSET) 
shows similar findings. The ADC value of the mass 
was 1.51 × 10-3 mm2/sec.
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intense on diffusion-weighted images obtained at 
a high b value (>1500 sec/mm2), so that segmental 
distribution of fibrocystic disease may be confused 
with DCIS. ADC value may not help distinguish 
between DCIS and fibrocystic disease.

Abscess and mastitis both have low ADC values 
similar to those of malignant tumors (Fig 20). The 
area of low ADC value within an abscess usually 
has high signal intensity on T2-weighted images, 

Figure 19.  Bilateral fibrocystic disease in the 
breasts. (a) Contrast-enhanced T1-weighted MR im-
age (VIBRANT, TR/TE = 6.5/3.1, flip angle = 12°, 
bandwidth = ±41.7 kHz, FOV = 360 mm, matrix = 
350 × 350, section thickness = 0.9 mm, no inter-
section gap, SpecIR with ASSET) shows segmental 
enhancement in the left (arrows) and right (arrow-
heads) breasts, findings that mimic the appearance 
of DCIS. (b) Diffusion-weighted image obtained at 
b = 1500 sec/mm2 (spin-echo echoplanar imaging, 
TR/TE = 9800/85.3, bandwidth = ±250 kHz, FOV 
aspect ratio = 0.7 [340 × 238], matrix = 160 × 
192, section thickness = 5 mm, no intersection gap, 
SSRF prepulse without ASSET) reveals a lesion 
with segmental hyperintensity in the right breast 
(arrowheads) and a less conspicuous lesion, which 
is only slightly hyperintense (arrows), in the left 
breast. The ADC value of the right-sided lesion was 
1.0 × 10-3 mm2/sec, and that of the left-sided lesion 
was 0.9 × 10-3 mm2/sec. Both lesions could be mis-
diagnosed as malignant.

Figure 20.  Mastitis. (a) Contrast-enhanced T1-weighted 
MR image (VIBRANT, TR/TE = 6.5/3.1, flip angle = 12°, 
bandwidth = ±41.7 kHz, FOV = 320 mm, matrix = 350 
× 350, section thickness = 0.9 mm, no intersection gap, 
SpecIR with ASSET) shows a mass containing unenhanced 
areas surrounded by areas of heterogeneous contrast en-
hancement. (b) On a diffusion-weighted image obtained at 
b = 1500 sec/mm2 (spin-echo echoplanar imaging, TR/TE = 
9800/85.3, bandwidth = ±250 kHz, FOV = 340 × 272, 
matrix = 160 × 192, section thickness = 5 mm, no intersec-
tion gap, SSRF prepulse without ASSET), the mass dem-
onstrates high signal intensity (arrows). The surrounding 
area has relatively lower signal intensity. (c) On an ADC 
map, the mass (arrows), which proved to be a fluid collec-
tion, has an ADC value of 0.65 × 10-3 mm2/sec.
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Figure 21.  Multiple cysts. (a) Diffusion-weighted im-
age obtained at b = 1000 sec/mm2 (spin-echo echopla-
nar imaging, TR/TE = 9800/77.6, bandwidth = ±250 
kHz, FOV aspect ratio = 0.8 [340 × 272], matrix = 160 
× 192, section thickness = 5 mm, no intersection gap, 
SSRF prepulse without ASSET) shows two hypointense 
cysts (arrows) and one hyperintense cyst (arrowhead). 
(b) On a diffusion-weighted image obtained at b = 1500 
sec/mm2 (TR/TE = 9800/85.3), the cyst that was hyper-
intense in a retains much of its high signal intensity 
(arrowhead), whereas the other two cysts demonstrate 
marked loss of signal intensity (arrows).

which indicates the high water content and high 
viscosity of the abscess. In clinical practice, physi-
cal examination findings should be considered 
when assessing these entities, thereby simplifying 
the radiologic diagnosis.

The signal intensity of cysts remains high at 
b values of 1000 sec/mm2 or lower, which are 
commonly used in breast MR imaging. A simple 
cyst shows greatly reduced signal intensity on 
an image obtained at a b value of 1500 sec/mm2 
compared with an image obtained at a b value 
of 1000 sec/mm2 with the same window setting 
(Fig 21). However, a cyst with condensed or 
proteinaceous content sometimes has high signal 
intensity, even at higher b values. Hemorrhage 
has variable signal intensity and ADC values on 
diffusion-weighted images (Fig 22). Similarly, 
hematomas containing intracellular components 
(intracellular oxyhemoglobin, deoxyhemoglobin, 
or methemoglobin) show significantly reduced 
diffusion compared with hematomas containing 
lysed red blood cells (extracellular methemoglo-
bin) (56,57). Some hematomas have high signal 
intensity on precontrast T1-weighted images; 
therefore, T1-weighted images should be evalu-
ated together with diffusion-weighted images to 
avoid misdiagnosis.

Influence of Contrast Agent  
at Diffusion-weighted Imaging

The effect of contrast agent at diffusion-weighted 
imaging has been discussed in several studies 
(58–62). The majority of studies show a tendency 
for the ADC value to decrease after contrast 
enhancement, although this decrease was not 
statistically significant in some studies (58–62). 
Definitive guidelines regarding this issue have 
yet to be determined. Yuen et al (62) showed a 
significant reduction in the ADC value of breast 
tumors on postcontrast diffusion-weighted im-
ages as opposed to precontrast diffusion-weighted 
images. This finding suggests a correlation be-
tween the degree of contrast material uptake and 
decrease in ADC value. However, another study 
failed to demonstrate any significant difference 
between ADC values calculated from precontrast 
diffusion-weighted images and those calculated 
from postcontrast diffusion-weighted images (7). 
Possible reasons for the discrepancy between the 
results of these studies include the different acqui-
sition parameters used, including different time 
delays between contrast material injection and 
diffusion-weighted image acquisition. The most 

widely accepted theory regarding the mechanism 
of decrease in ADC value after the injection of 
gadolinium-based contrast material is the change 
of local magnetic susceptibilities or T2 shortening 
effect following contrast material uptake (63). The 
ADC value after contrast enhancement may not 
be consistent depending on the diffusion-weighted 
imaging parameters; therefore, it is recommended 
that diffusion-weighted images be acquired before 
contrast enhancement to avoid inconsistency be-
tween studies. Figure 23 illustrates changes in the 
ADC value of various pathologic conditions of the 
breast 10 minutes after the injection of gadopen-
tetate dimeglumine (0.1 mmol/kg).
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Figure 23.  Graph illustrates changes in the ADC value 
of various pathologic conditions of the breast 10 min-
utes after the injection of gadopentetate dimeglumine.

Figure 22.  Hemorrhage. (a) Unenhanced T1-weighted 
MR image (VIBRANT, TR/TE = 6.5/3.1, flip angle = 
12°, bandwidth = ±41.7 kHz, FOV = 320 mm, matrix =  
350 × 350, section thickness = 0.9 mm, no intersection 
gap, SpecIR with ASSET) shows bilateral cysts in 
the breasts. The cysts in the left breast (white arrows) 
demonstrate intermediate signal intensity. A cyst in the 
right breast (arrowhead) is slightly hyperintense relative 
to a small unenhanced lesion (black arrow). (b) On a 
diffusion-weighted image obtained at b = 1500 sec/mm2 
(spin-echo echoplanar imaging, TR/TE = 7800/88.4, 
bandwidth = ±250 kHz, FOV = 340 mm, matrix = 160 
× 192, section thickness = 5 mm, no intersection gap, 
SSRF prepulse with ASSET), the cysts (arrows) show 
high signal intensity. (c) On an ADC map, all three 
cysts (white arrows) have low ADC values (1 = 0.31 × 
10-3 mm2/sec, 2 = 0.35 × 10-3 mm2/sec, 3 = 0.64 × 10-3 
mm2/sec). The hypointense lesion (black arrow) shows 
noise, a finding that was thought to result from hemo-
siderin deposition.

Clinical Implementation of  
Diffusion-weighted Breast Imaging

The most significant advantage of diffusion-
weighted imaging over contrast-enhanced MR 
imaging is its high sensitivity in the detection 

of breast cancer without contrast material injec-
tion. The desire to limit exposure to contrast 
agents is increasing because of a growing aware-
ness of nephrogenic systemic fibrosis; however, 
as discussed earlier, diffusion-weighted imaging 
findings cannot be assessed in isolation from 
findings obtained with other MR imaging se-
quences (eg, T2-weighted imaging) because 
diffusion-weighted imaging has a low specific-
ity for breast cancer and a low sensitivity for the 
detection of DCIS. However, the assessment of 
all these findings in combination indicates that 
diffusion-weighted imaging may have potential 
as an adjunct to conventional contrast-enhanced 
breast MR imaging. Further studies assessing 
the diagnostic utility of non-contrast-enhanced 
breast MR imaging (eg, diffusion-weighted imag-
ing, T2-weighted and fat-suppressed T1-weighted 
imaging, ADC map) are required before patients 
are routinely examined without the use of gado-
linium-based contrast material.
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In cases of fibrocystic disease with multiple 
bilateral areas of enhancement in the breasts, 
diffusion-weighted imaging occasionally depicts 
small cancers (Fig 12). Diffusion-weighted im-
ages obtained at a higher b value show high signal 
contrast between a malignant lesion and normal 
breast parenchyma, thereby allowing visualization 
of the lesion. Diffusion-weighted imaging may 
prove useful in detecting lesions in this setting or 
in detecting contralateral breast cancer.

Assessment of  
Neoadjuvant Chemotherapy  

with Diffusion-weighted Imaging
Several recent studies have shown the potential of 
diffusion-weighted imaging in helping predict the 
effect of neoadjuvant chemotherapy (38,48,64–
66). In previous diffusion-weighted imaging stud-
ies performed to examine rats with breast cancer 
and brain tumors, the ADC value increased within 
2–4 days after chemotherapy (67,68). In these 
studies, pathologic specimens obtained in the rats 
0–14 days after chemotherapy showed a marked 
increase in tumor extracellular space, a noticeable 
increase in pleomorphism, large cells, apoptosis, 
and peritumoral edema. A decrease in cellularity 
after neoadjuvant chemotherapy was also docu-
mented. Diffusion-weighted imaging is expected 
to be sensitive to the changes in biologic environ-
ment brought about by the cytotoxic effect associ-
ated with chemotherapeutic agents. These changes 
cause an increase in the mobility of water in the 
damaged tissue, which is reflected in the increase 
in ADC value. In human breast tissue, an increase 
in ADC value following successful therapy has 
been observed in some studies. Furthermore, the 
ADC value increased earlier than lesion size de-
creased, and change was detected as early as upon 
completion of the first cycle of neoadjuvant che-
motherapy (65,66). Accordingly, ADC value may 
provide an earlier biomarker for tumor response 
than changes in tumor size. Early prediction of the 
effect of chemotherapy would allow timely optimi-
zation of the therapy protocol to ensure the best 
therapeutic effect.

Another potential clinical application of 
diffusion-weighted imaging is the evaluation of 
residual breast cancer following neoadjuvant che-
motherapy, since residual disease must be resected 
because failure to do so may affect patient progno-
sis. Residual disease has historically been evaluated 
with dynamic contrast-enhanced imaging; how-
ever, false-positive and false-negative findings have 
been observed (69–74). One previous study docu-
mented the same accuracy for diffusion-weighted 
imaging and contrast-enhanced MR imaging in 

the detection of residual tumor (38). In this study, 
diffusion-weighted imaging helped detect residual 
cancers that contrast-enhanced MR imaging did 
not help detect (Fig 24) (38). Therefore, diffusion-
weighted imaging may increase diagnostic accu-
racy in the evaluation of chemotherapy effect and 
the detection of residual disease.

Diffusion- 
weighted Imaging at 3.0 T

The majority of published diffusion-weighted 
breast imaging studies have been conducted at 
1.5 T. However, 3.0-T diffusion-weighted imag-
ing with the appropriate acquisition parameters 
affords a higher SNR per unit time. The inherent 
increase in SNR can be used to either reduce im-
aging time or increase spatial resolution. On the 

Figure 24.  IDC after neoadjuvant chemotherapy. 
(a) Diffusion-weighted image obtained at b = 1500 
sec/mm2 (spin-echo echoplanar imaging, TR/TE = 
7800/88.4, bandwidth = ±250 kHz, FOV = 340 mm, 
matrix = 160 × 192, section thickness = 5 mm, no 
intersection gap, SSRF prepulse with ASSET) shows a 
slightly hyperintense focal lesion (arrows) in the location 
of the original tumor. (b) On a contrast-enhanced T1-
weighted MR image (VIBRANT, TR/TE = 6.5/3.1, flip 
angle = 12°, bandwidth = ±41.7 kHz, FOV = 360 mm, 
matrix = 350 × 350, section thickness = 0.9 mm, no 
intersection gap, SpecIR with ASSET), the lesion (ar-
rows) shows weak enhancement, a finding that is not 
likely to indicate residual cancer. Pathologic analysis 
showed residual IDC.
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other hand, 3.0-T imaging has several disadvan-
tages. The higher magnetic field strength results in 
an increase in chemical shift artifact, susceptibility 
artifact, and B1 and B0 inhomogeneity, which can 
cause image distortion and inhomogeneous fat 
suppression (75). Nevertheless, the increased sus-
ceptibility artifact and nonuniformity in the mag-
netic field can be minimized with parallel imaging 
techniques. Likewise, additional shimming and 
manual optimization of the center frequency are 
essential to reduce the influence of the aforemen-
tioned artifacts. There have been several published 
diffusion-weighted breast imaging studies under-
taken at 3.0 T (76,77). Matsuoka et al (76) dem-
onstrated a greater visibility of tumors less than 10 
mm at 3.0 T than at 1.5 T, but no difference in vis-
ibility for tumors greater than 10 mm. This finding 
was attributed to the increased SNR afforded by 
the increase in magnetic field strength. The greater 
SNR at 3.0 T than at 1.5 T will likely also prove 
beneficial when a higher b value is used, especially 
for the evaluation of DCIS. These results have 
been confirmed in another study conducted at 3.0 
T (78), in which ADC values were found to be the 
same at 1.5 T and 3 T, a finding that is consistent 
with the premise that ADC values are independent 
of field strength (76).

Drawbacks and Limitations  
of Diffusion-weighted Imaging

There are some technical drawbacks with diffu-
sion-weighted imaging. Low SNR can compro-
mise a diffusion-weighted image, so that TE must 
be shortened to avoid unnecessary T2* losses, 
whereas TR must be long enough to accommodate 
T1 relaxation. Multiple averages can be used to 
improve SNR, although, of course, at the expense 
of longer imaging time. When multiple averages 
are acquired, it is recommended that the indi-
vidual images be reconstructed first so as to avoid 
any phase errors that may arise from patient mo-
tion. High b values must be avoided because SNR 
degrades under these conditions and can cause 
imaging table vibrations due to large diffusion gra-
dient amplitude, resulting in image artifacts.

As B0 increases, susceptibility artifacts can be-
come more apparent and problematic. Suscepti-
bility changes occur at sharp transitions between 
different tissue types (eg, bone-tissue or tissue-air 
interfaces), creating a change in the localized 
magnetic field that can give rise to image arti-
facts. Use of a spin-echo–based sequence, high 
imaging bandwidth, and short TE can reduce the 
impact from this artifact.

Voluntary patient movement can also be a po-
tential source of image artifact by causing image 
misregistration, which leads to false ADC values. 

Such movement can be eliminated by making sure 
that the patient is lying in a comfortable position, 
with the required supporting pads and restraints. 

One of the limitations of diffusion-weighted 
imaging is low spatial resolution. Small cancer 
foci, including DCIS and scattered foci of inva-
sive lobular cancer, may not be depicted at diffu-
sion-weighted imaging. The higher SNR afforded 
by imagers with higher magnetic field strength 
can be used to increase the spatial resolution of 
diffusion-weighted imaging, thereby allowing the 
detection and characterization of smaller lesions.

Hemorrhage may have high signal intensity 
and a low ADC value; consequently, it can be 
misdiagnosed as malignant lesions. Fat-sup-
pressed T1-weighted images need to be inter-
preted in conjunction with diffusion-weighted 
images to avoid making this misdiagnosis.

Nonmasslike lesions, including DCIS, fibro-
cystic disease, and lobular carcinoma, may con-
tain interspersed normal fibroglandular tissue or 
fat tissue, which can affect the measured ADC 
value. Fibrocystic disease may mimic DCIS in 
terms of ADC value and signal intensity owing 
to the similar disease formation and cellularity 
of the two conditions. Tozaki and Fukuma (37) 
reported eight false-negative cases of non-mass-
forming DCIS. Thus, it is important to keep 
in mind the possibility of overlooking DCIS at 
diffusion-weighted imaging.

Intraductal papilloma can be misdiagnosed as 
malignancy. A lesion with a low ADC value and a 
diffuse, segmental bilateral distribution may indi-
cate intraductal papilloma.

Mucinous carcinoma may be misdiagnosed 
as fibroadenoma or cyst because it has multiple 
internal architectures. It is essential to detect the 
compartment with a higher ADC value (suggest-
ing a mucin lake compartment) to help differenti-
ate mucinous carcinoma from fibroadenoma or, 
conversely, a compartment with a low ADC value 
(suggesting a solid mass compartment) to help 
differentiate it from cyst.

For measurement of ADC value, the lesion 
must first be identified on an ADC map. This is 
best accomplished by identifying the lesion on 
diffusion-weighted images and then carefully plac-
ing a region of interest over the solid portion of the 
tumor to ensure that cystic or necrotic portions 
or normal breast parenchyma are not included in 
this region. For small lesions that may be difficult 
to visualize on diffusion-weighted images and an 
ADC map because of low spatial resolution, it may 
be necessary to view the T2-weighted imaging re-
sults obtained at a higher spatial resolution.
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Future Applications of  
Diffusion-weighted Imaging

The growth of diffusion-weighted breast imaging 
as a research tool implies that this modality has 
potential as an adjunct in the radiologic diagno-
sis of breast cancer (49). However, the standard 
protocol for diffusion-weighted breast imaging 
has yet to be agreed upon, and standardization is 
necessary to address discrepancies among vari-
ous published studies. In particular, the optimal 
b value has yet to be determined, and the b value 
exerts great influence on signal intensity and 
determination of the ADC value. In addition, 
the appropriate use of nonenhanced breast MR 
imaging, including diffusion-weighted imaging, 
needs to be determined for patients with allergy 
or sensitivity to contrast material, asthma, or re-
nal dysfunction. Furthermore, the clinical benefit 
of adding diffusion-weighted imaging to standard 
contrast-enhanced MR imaging protocols needs 
to be determined, along with the potential of 
diffusion-weighted imaging as a screening tool 
because of its high sensitivity to malignancy with-
out the use of contrast material. Ei Khouli et al 
(51) showed an increase in diagnostic accuracy 
by adding diffusion-weighted imaging to conven-
tional breast MR imaging at 3.0 T. Their results 
imply that the use of diffusion-weighted imaging 
may contribute to more accurate diagnosis in 
the future. If diffusion-weighted breast imaging 
proves useful in the clinical setting, it promises to 
improve the accuracy of breast MR imaging.

The technical development of multichannel 
array coils as well as the optimization of acquisi-
tion parameters will improve SNR and spatial 
resolution, which should translate into greater 
accuracy in lesion detection and evaluation.

Conclusions
Understanding the additive value of combining 
diffusion-weighted imaging, T2-weighted MR 
imaging, and ADC value for the assessment of 
breast disease will be useful in the interpretation 
of breast MR images. It is likely that diffusion-
weighted breast imaging will be shown to have a 
supportive role in breast MR imaging.

The parameters of diffusion-weighted imaging 
need to be standardized to allow comparison of 
multicenter studies and assessment of the clinical 
utility of diffusion-weighted imaging findings and 
ADC values obtained in the breast.
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Page 1060
Signal intensity at diffusion-weighted imaging is inversely proportional to the degree of water molecule 
diffusion, which will be influenced by the histologic structure; in other words, the signal intensity will 
imply the histologic structure.

Page 1065
The signal intensity at diffusion-weighted imaging becomes lower as b value increases, but a higher b value 
emphasizes contrast resolution between various diseases and normal breast tissue. However, an overly high 
b value reduces the overall SNR of the experiment.

Page 1067
The important point is that ADC values can be influenced by which b values are applied, a fact that high-
lights the need for consistent and standardized protocols.

Page 1078 (Figure on page 1079)
Hemorrhage has variable signal intensity and ADC values on diffusion-weighted images (Fig 22). Simi-
larly, hematomas containing intracellular components (intracellular oxyhemoglobin, deoxyhemoglobin, 
or methemoglobin) show significantly reduced diffusion compared with hematomas containing lysed red 
blood cells (extracellular methemoglobin) (56,57). Some hematomas have high signal intensity on pre-
contrast T1-weighted images; therefore, T1-weighted images should be evaluated together with diffusion-
weighted images to avoid misdiagnosis.

Page 1078
The ADC value after contrast enhancement may not be consistent depending on the diffusion-weighted 
imaging parameters; therefore, it is recommended that diffusion-weighted images be acquired before con-
trast enhancement to avoid inconsistency between studies.


