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Abstract

The use of magnetic resonance imaging (MRI) for the assessment of breast lesions was first described in the 1970s;
however, its wide application in clinical routine is relatively recent. The basic principles for diagnosis of a breast lesion
rely on the evaluation of signal intensity in T2-weighted sequences, on morphologic assessment and on the evaluation
of contrast enhancement behaviour. The quantification of dynamic contrast behaviour by dynamic contrast-enhanced
(DCE) MRI and evaluation of the diffusivity of water molecules by means of diffusion-weighted MRI (DW-MRI) have
shown promise in the work-up of breast lesions. Therefore, breast MRI has gained a role for all indications that could
benefit from its high sensitivity, such as detection of multifocal lesions, detection of contralateral carcinoma and in
patients with familial disposition. Breast MRI has been shown to have a role in monitoring of neoadjuvant chemo-
therapy, for the evaluation of therapeutic results during the course of therapy. Breast MRI can improve the determi-
nation of the remaining tumour size at the end of therapy in patients with a minor response. DCE-MRI and DW-MRI
have shown potential for improving the early assessment of tumour response to therapy and the assessment of residual
tumour after the end of therapy. Breast MRI is important in the postoperative work-up of breast cancers. High
sensitivity and specificity have been reported for the diagnosis of recurrence; however, pitfalls such as liponecrosis
and changes after radiation therapy have to be carefully considered.
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Background

Magnetic resonance imaging (MRI) can be a valuable
addition to the diagnostic work-up of a patient with a
breast abnormality or biopsy-proven cancer and it is
recommended by the American College of Radiology
(ACR) in selected cases for screening, assessing extent
of disease and for additional evaluation of clinical and
imaging findings[1]. MRI is therefore increasingly used
for breast imaging.

The standard breast MRI performed in clinical routine
relies on both morphologic and dynamic contrast
enhancement of lesions[1]. Advanced imaging techniques
have been proposed and increasingly used in the last few
years. One such technique is diffusion-weighted (DW)-
MRI, providing an evaluation of tissue cellularity and

integrity of cell membranes[2,3]. Another technique is
the pharmacokinetic analysis of contrast uptake, pro-
viding a quantitative assessment of the contrast agent
exchange between the vascular and interstitial
compartments.

However, there are limitations to breast MRI. The
major limitation of breast MRI is the low to moderate
specificity, which, in combination with high sensitivity,
can lead to false positives, detecting abnormalities that
are not evident clinically, mammographically, or sonogra-
phically and that could not be clinically significant. The
ACR recommends caution in making treatment choices
and changing management based on MRI findings alone
without confirmation from biopsy. Due to the complex
clinical interpretation and technical requirements in
performing breast MRI, it is recommended that this
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examination should be performed in specialist breast
units. Another limitation is the lack of standardization
in advanced imaging techniques, which has limited their
widespread application in clinical routine.

The purpose of this paper is to provide the basic tech-
nical and clinical knowledge to perform and interpret
breast MRI, and to provide a brief overview on advanced
imaging techniques.

What does a breast MR examination
look like?

MR scanners with a magnetic field �1 Tesla (T)
equipped with bilateral dedicated multichannel coils are
recommended. The standard requirements for breast
MRI sequences in clinical routine are defined by the
ACR and the European Society of Breast Cancer
Specialists (EUSOMA)[1,4].

T2-weighted MR imaging (T2W-MRI)

The standard requirements for this sequence include a
bilateral morphological study using T2-weighted fast/
turbo spin-echo with or without fat saturation, short-tau
inversion recovery (STIR), or spectral pre-saturation with
inversion recovery (SPAIR) sequences, with the scan
plane chosen by the radiologist. No additional require-
ments have been specified for other sequence parameters.

In our institution the protocol for T2W-MRI of the
breast includes STIR sequences with the following para-
meters: repetition time (TR)/echo time (TE)/inversion
time (TI), 3510/72/170 ms; thickness, 3 mm; gap,
0.3 mm; matrix, 320�320; time of acquisition, 3 min 38 s.

Dynamic contrast-enhanced MRI
(DCE-MRI)

The standard requirements for this sequence include
bilateral two- or three-dimensional gradient-echo T1-
weighted dynamic sequence, with or without fat satura-
tion, slice thickness �3 mm, spatial in-plane resolution
preferably �1 mm2, temporal resolution �120 s and
scan plane chosen by the radiologist. The use of two-
compartment (vascular/interstitial) gadolinium chelates
at the standard dose of 0.1 mmol/kg with an injection
rate of 2�3 ml/s, followed by a saline flush (10�30 ml
at the same flow rate) is recommended, preferably
using an automatic injector.

In our institution, 6 dynamic sequences are performed:
1 basal pre-contrast acquisition followed by 5 continuous
acquisitions after contrast agent administration
(0.1 mmol/kg at a flow rate of 2 ml/s) injected via an
automated injector, followed by a saline flush (20 ml at
the same flow rate). Our dynamic sequences are gradient
echo (GE) flash 3D with the following parameters: TR/
TE, 7.4/4.7 ms; slice thickness, 1.3 mm with 0.25 mm
gap; filed of view (FOV), 320� 320 mm; reconstructed

matrix, 384� 384; voxel size, 0.9� 0.9� 1.3 mm; time
of acquisition, 90 s each.

Image post-processing is performed on DCE-MR
images, after they are acquired, to facilitate the detection
of contrast-enhancing lesions.

Digital subtraction of the basal dynamic pre-contrast
sequences from the dynamic post-contrast sequences
should be performed for dynamic sequences without fat
saturation. Digital subtraction removes all non-enhancing
tissue, thus also removes the signal from fat tissue, and
thereby only alterations that take up contrast medium are
seen. Subtracted images should however be interpreted
in conjunction with original unsubtracted images, as
misregistration due to patient motion may result in
false enhancement areas. Motion correction may there-
fore be helpful in reducing artefacts encountered with
digital subtraction.

Maximum intensity projection (MIP) is another post-
processing tool that can be utilized for better visualiza-
tion of enhancing areas. MIP is obtained from the post-
processing of subtracted images and is a ray tracing
method that projects the brightest pixel value along
each parallel ray projected through the volume of data,
onto a bi-dimensional surface. MIP in some cases can
rapidly show the site of a suspicious lesion in only one
image and may show additional findings, such as the
asymmetric increase in breast vascularity. The first or
second set of subtracted images after contrast adminis-
tration is generally the most suitable for evaluation of
breast vascularity. There is preliminary evidence that a
one-sided asymmetric increase in vascularity can be asso-
ciated with ipsilateral cancer[5].

Image analysis

Image analysis includes a combined analysis of both
T2-weighted and dynamic contrast-enhanced images.

Signal intensity on T2W-MRI

Hyperintense lesions of the breast are mostly benign.
This is the case with simple cysts and lymph nodes,
which are hyperintense. Fibroadenomas often also
show hyperintensity on T2W-MRI[6]. However, the
signal intensity alone cannot be considered sufficient as
diagnostic criteria, as the necrotic part of a tumour as
well as mucinous and medullary breast carcinomas may
also show a hyperintense signal on T2W-MRI[7].
Hypointense lesions of the breast are mostly malignant,
probably due to collagen-rich fibrotic tissue with a low
water and fat content[8]. In a study of 641 cases, 74% of
malignant lesions were hypointense on T2W-MRI,
whereas only 37% of benign lesions were hypointense[9].
However, even benign lesions such as haemorrhagic cysts
(due to the susceptibility artefact of blood) and hamarto-
mas (due to the predominant fibrous nature) may show
signal hypointensity[10].
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Further signs of breast lesions can be evaluated on
T2W-MRI. For example, in a study of 641 cases the pres-
ence of the hook sign (a hook-like spiculated dendrite
coming from the lesion�s centre, leading to the pectoral
muscle), and of uni- and peri-focal oedema in the enhan-
cing lesion (Fig. 1) were strong signs of malignancy, with
a prevalence ratio in malignant compared with benign
lesions of 6.6 and 3.4, respectively[9].

Identification of contrast-enhancing lesions

Subtracted images or fat-suppressed dynamic images can
be used. If there are no contrast-enhancing lesions, the
likelihood of a negative breast MRI is much increased,
with high negative predictive value. On the other hand,
not all lesions that enhance are malignant tumours[11]

and when contrast-enhancing lesions are detected, it
is necessary to evaluate their morphology and dynamic
contrast behaviour, as suggested in the Breast Imaging
Reporting and Data System Atlas (BI-RADS)[1].

For morphologic assessment of enhancement, enhan-
cing lesions are divided into three main groups: focus or
foci, masses, and non-mass-like enhancements[1].

(1) Focus and foci are enhancements measuring less
than 5 mm that cannot be otherwise specified.
They are often unchanged on follow-up images
and may be related to hormonal changes. They are
mostly benign, especially when multiple and sym-
metric. However, they should be considered malig-
nant when they are located in the same quadrant as
an invasive breast cancer.

(2) Masses are space-occupying lesions within the
breast, described in terms of shape, margins, and
internal enhancement characteristics.

(a) Shape. A mass can be round, oval, lobulated, or
irregular (Fig. 2a�d). Lobulated masses are
characterized by an undulating contour (Fig.
2c), and irregular masses (Fig. 2d) show an
uneven shape that cannot be characterized as
round, oval, or lobulated. The shape analysis
should be performed on the early post-contrast
images to avoid washout and progressive
enhancement of the surrounding breast tissue,
which can impair lesion analysis.

(b) Margins are described as smooth, irregular, or
spiculated (Figs. 2b,d and 3). For adequate
margin assessment, a high spatial resolution
is required. For instance, irregular borders
can appear relatively smooth when insufficient
resolution is used or when the tumour is small.
On the other hand, as time elapses after con-
trast agent administration, the periphery of the
lesion may become more indistinct[6].

(c) Internal enhancement characteristics have been
conventionally divided into 6 types:

(i) Homogeneous enhancement is uniform
throughout the mass (Fig. 2b). It can also
be suggestive of a benign process.

(ii) Heterogeneous enhancement is non-uniform
and varies within the mass. It is more char-
acteristic of malignant lesions[6].

(iii) Rim enhancement is mainly concentrated at
the periphery of the mass (Fig. 4). This find-
ing is particularly suspicious for malignancy,
being most frequently a feature of high-grade
invasive ductal cancer[12,13]. However,
benign findings including fat necrosis and
cysts with inflammation may show rim
enhancement.

(iv) Non-enhanced internal septations within an
enhanced lesion are characteristic of fibroa-
denomas, especially when the lesion has
smooth or lobulated borders[14]. However,
they are only seen in a minority of cases;
when present, masses can be considered
benign with a high degree of certainty
(495%)[15].

(v) Enhanced internal septations are usually a
feature of malignant lesions, although these
signs occur less commonly.

(vi) Central enhancement is an enhancing nidus
within a mass that is usually more pro-
nounced than the rest of the enhanced
mass. Central enhancement has been asso-
ciated with high-grade ductal cancer and vas-
cular breast tumours[12].

(3) Non-masslike enhancements are areas of enhance-
ment that do not belong to a space-occupying
lesion and do not have distinct mass characteristics.
Features of non-masslike enhancement are

Figure 1 Axial T2-weighted STIR image of the left breast
showing a breast carcinoma with peri-focal oedema
(arrows).
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categorized by distribution, internal enhancement
pattern, and symmetric or asymmetric
enhancement:

(a) Distribution. A focal area is described in the
presence of an enhancement occupying less
than 25% of a breast quadrant, showing fat or
normal glandular tissue between abnormally
enhanced components. This type of enhance-
ment may present as clumped, irregular con-
trast enhancement. Linear enhancement is an
enhancement that does not follow the shape of
a ductal system. In contrast, ductal enhance-
ment follows the shape of a ductal system,
pointing towards the nipple. Segmental
enhancement has a conical appearance and
probably represents one or more ductal sys-
tems. Ductal and segmental distribution of
enhancement may be associated with in situ
ductal cancer (DCIS) or invasive ductal
cancer, atypical ductal hyperplasia, papillary

Figure 2 Axial subtracted image showing mass-enhancing lesions, with (a) round, (b) oval, (c) lobulated, and
(d) irregular shape.

Figure 3 Axial subtracted image showing mass-enhan-
cing lesion of the right breast with spiculated margins.
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neoplasms, or sclerosing adenosis[1]. Regional
enhancement does not correspond to a single
duct system, and may be within multiple ducts.
Diffuse contrast enhancement is uniform
enhancement of the entire parenchyma of the
breast. Regional enhancement and diffuse
enhancement are more characteristic of
benign disease such as proliferative changes,
although multicentric DCIS may have this
appearance[6].

(b) Internal enhancement patterns are homoge-
neous, heterogeneous, clumped, stippled or
punctate, and reticular or dendritic. Clumped
refers to a cobblestonelike enhancement, with
occasional confluent areas (Fig. 5). Punctate or
stippled refers to multiple punctate foci

approximately 1�2 mm in size. They are often
distributed in an area of the breast that does
not usually conform to a duct. Punctate or
stippled enhancement is more characteristic
of benign normal variant parenchymal
enhancement or fibrocystic changes. In the
reticular or dendritic pattern, the normal fat�-
glandular tissue interface is lost; this finding is
usually associated with inflammatory breast
cancer or lymphatic involvement.

Kinetic curve assessment

The evaluation of contrast enhancement is performed by
measuring the changes in signal intensity over time in a
region of interest (ROI), in order to obtain an intensi-
ty�time curve describing the dynamic contrast behaviour

Figure 4 Axial subtracted image showing mass-enhancing lesion of the left breast with rim enhancement.

Figure 5 Axial subtracted image showing non-masslike lesion of the right breast with a clumped internal enhancement
pattern referring to a cobblestonelike pattern with occasional confluent areas.
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of the lesion of interest. The part of the lesion showing
the strongest and fastest enhancement is chosen as the
ROI and thus to describe the enhancement curve. The
initial enhancement phase (enhancement within the first
2�3 min after contrast administration) is described as
slow, medium, or rapid. The delayed phase is described
as persistent, plateau, or washout (Fig. 6).

Lesions with rapid or medium initial enhancement fol-
lowed by a delayed phase plateau or washout have a
positive predictive value of 77% for malignancy[16]].
This behaviour is typically seen in invasive breast
cancer, due to the presence of leaky capillaries in the
tumour, which cause an increased and fast passage of
contrast agent from the vascular to the interstitial com-
partment followed by a rapid return to the vascular com-
partment by passive diffusion due to the hyper-
permeability of newly formed capillary vessels[17].

The persistent increase in signal intensity in the
delayed phase is typical of benign lesions in at least
80% of cases[18].

Following image analysis, every breast lesion can be
classified according to BI-RADS, ranging from groups
I to VI[1]. The Fischer�G€ottingen scoring system[19]

may also be useful to identify the correct BI-RADS
group for a breast lesion. According to BI-RADS, the
technique used, the clinical indication, knowledge of pre-
vious breast ultrasound or mammography, observations
and conclusions must be reported.

There can be pitfalls in image analysis of breast MRI.
A common one could be the differential diagnosis
between intramammary benign lymph nodes and suspi-
cious enhancing lesions (Fig. 7a). Lymph nodes often
show an intensity�time curve characterized by a rapid
initial enhancement and by a plateau or washout in the
delayed phase. However lymph nodes can be distin-
guished from enhancing nodules because they often
show hyperintense signal in T2W-MRI (Fig. 7b). This
can be confirmed by a second-look ultrasound (Fig. 7c).

Another pitfall could be the differential diagnosis
between focal fibrocystic change and recurrent breast
cancer, because they may present with similar contrast
enhancement morphology[20] (Fig. 8a,b).

Finally, fat necrosis next to the scar can be character-
ized by irregular contrast enhancement, mimicking
recurrent disease. However, the presence of fat within
the suspicious lesion, which then disappears in fat-sup-
pressed MR sequences, may help clinicians to achieve a
correct diagnosis (Fig. 9a,b).

Advanced imaging

The term advanced imaging refers to innovative techni-
ques one step beyond morphology, able to provide a
better insight into tumour biology. These techniques are
increasingly investigated in clinical trials, but are not yet
used in clinical routine for breast MRI. In our opinion,
the two techniques that seem to be closest to clinical
application, due to their feasibility and the promising
results, are the pharmacokinetic analysis of DCE-MRI
and DW-MRI. A brief description of the basic technical
requirements and fundamental knowledge required for
the execution and analysis of these examinations is pro-
vided in the following sections.

Pharmacokinetic analysis of DCE-MRI

There are a number of published papers reporting the
utility of this approach in the oncologic research setting
for breast cancer. However, there are limitations to its
widespread utilization in routine practice.

First, the kinetic models used for pharmacokinetic
analysis often require very high temporal resolution
sequences, thus interfering with the acquisition of
image matrices that would allow a state-of-the-art analysis
of morphologic features of lesions. Another limitation is
related to the lack of standardization in imaging tech-
nique and data analysis in multicentre applications.

Imaging technique and analysis

Dynamic images are usually performed with T1
sequences. Preliminary T1 mapping is strongly suggested
for adequate T1 assessment of the volume of interest.
Contrast administration ideally requires a bolus at high
flow rate (more than 3 ml/s), followed by saline (at least
20 ml at the same flow rate). Acquisition of dynamic
sequences is targeted on tumour volume; the balance
has to be weighed between time resolution (less than
10 s is suggested) and tumour volume coverage (in
ideal cases the entire tumour is covered). GE 3D is pre-
ferred for consistent acquisition over time.

In our institution we perform pharmacokinetic analysis
of DCE-MRI only in breast cancer patients undergoing
neoadjuvant chemotherapy, when the tumour is bigger
than 2 cm, thus reducing artefacts resulting from partial
volume and movement. The following protocol is used.

Figure 6 Signal intensity�time curve describing the
dynamic contrast behaviour of the lesion of interest.
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Preliminary T2 STIR and DW (b-values of 0, 250,
500 and 1000 s/mm2) sequences are performed to
localize the breast cancer. Our dynamic sequences have
a volume coverage of 6 cm (12 slices of 5 mm, gap 0).
Dynamic sequences include pre-contrast axial T1 GE 3D
sequences with different flip angles for T1 mapping (TR
5 ms; matrix 128� 128; FOV 320� 320; voxel size of
2� 2� 5 mm) and 80 post-contrast measurements per-
formed with axial GE 3D sequences with a time resolu-
tion of 5.4 s each (TR/TE, 5/2 ms; matrix 128� 128;
FOV 320� 320; voxel size of 2� 2� 5 mm).

For pharmacokinetic analysis, commercially available
software (Tissue4D, Siemens Medical, Erlangen,
Germany) is used in our institution, which is based on
Tofts model (see Appendix 1). Within this software,
ROIs can be manually drawn over the tumour volume
on subtracted images and then copied on pixel-by-pixel

colour maps, representing on a colour scale each pixel
value for the following pharmacokinetic parameters
(Fig. 10a,b):

� Ktrans measures the leakage of contrast agent into
the extravascular�extracellular space

� Kep measures the back flux of contrast agent from
extravascular�extracellular space into the vascular
space

� Ve measures the fraction of volume where contrast
agent can leak into the extravascular�extracellular
space

� iAUC60 measures the integral of the area under the
concentration�time curve up to 60 s

The values of the pharmacokinetic parameters for the
selected ROI can be expressed in summary statistics
(mean, median and standard deviation) or in histograms.

Figure 7 Potential pitfalls: (a) axial subtracted image of the right breast showing an 8-mm mass-enhancing lesion, with
oval shape, well-defined margins and slightly heterogeneous contrast enhancement. (b) Axial T2-weighted STIR image
shows an 8.7-mm hyperintense lesion of the left breast (arrowhead) with oval shape. (c) A second-look ultrasound
examination showed the presence of an oval-shaped lymph node with well-defined margins and a hyperechoic central hilar
structure, typical of benign lymph nodes.

82 G. Petralia et al.



Clinical applications

The pharmacokinetic parameters might serve as a surro-
gate biomarker of angiogenesis, as demonstrated in two
articles on 118 and 39 patients, in which a correlation
between contrast enhancement pattern of breast cancer
and microvessel density (MVD) was observed[21,22].
Therefore, these parameters should have different
values in tumours due to the process of neoplastic
angiogenesis, when compared with normal tissues.

In particular, Ktrans values are expected to be higher in
breast cancer than in benign lesions and in normal breast
tissue due to the higher presence of leaky capillaries in
breast cancer due to the process of angiogenesis, as seen
in a study of 39 patients using a 1.5-T scanner in patients
with breast cancer[23]. Similarly K ep is also expected to
be higher in breast cancer, because it is another measure
of capillary leakiness. iAUC60 is also expected to be
higher in breast cancer than in normal breast tissue
due to the greater contrast uptake in breast cancer. In
contrast, V e is expected to be lower in tumours, due to a

Figure 8 Potential pitfalls: (a) axial subtracted image of
the right breast showing a 13-mm mass-enhancing lesion
with irregular shape and margins. Similar contrast
enhancement morphology is seen in another lesion in a
different patient (b). Based on the morphologic character-
istics of contrast enhancement, the most likely diagnosis
would be malignancy. However, in this case the signal
intensity�time curve showed rapid initial enhancement,
and a mild continuous increase in the delayed phase for
the lesion in (a), but rapid initial enhancement and wash-
out in the delayed phase for the lesion in (b), indicating
focal fibrocystic change and disease recurrence,
respectively.

Figure 9 (a) Axial subtracted image in a patient pre-
viously surgically treated for breast cancer, showing irreg-
ular contrast enhancement in the proximity of the surgical
scar making the differential diagnosis between recurrent
disease and fat necrosis difficult. (b) Axial T1-weighted
MR image of the same breast, showing the predominantly
fat content of the suspected lesion pointing towards the
diagnosis of fat necrosis.
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smaller extravascular�extracellular space, as a result of
higher cellularity and vascularity in tumours.

The pharmacokinetic analysis of DCE-MRI can be
useful in monitoring and predicting response to therapy.
After the administration of antiangiogenic drugs, the
changes in tumour vascularization in responder patients
precede changes in tumour size and may better describe
tumour response to therapy. In particular, an early reduc-
tion in K trans, K ep and iAUC might be expected, due to

the loss of immature and hyperpermeable vessels, asso-
ciated with an early vasoconstriction induced by therapy,
leading to a reduction of the total contrast agent uptake
after therapy. Changes in V e might also be expected, as
this parameter may reflect changes in the extracellu-
lar�extravascular space due to the shrinkage of neo-
angiogenic vessels after antiangiogenic therapy. These
findings were observed in two studies on 19 and 21
patients, reporting that K trans, K ep, V e and iAUC at

Figure 10 Pixel-by-pixel colour maps with each pixel representing values for Ktrans (other maps can be generated for
Kep, Ve, iAUC60). The tabulated values are derived from the ROIs drawn on subtracted images and copied to the colour
maps for each parameter. In this example, ROI 1 is for breast cancer (a) and ROI 2 is for fibroadenoma (b).
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180 s significantly decreased after the first cycle of
bevacizumab[24,25].

After the administration of cytotoxic chemotherapy,
the expected changes in pharmacokinetic parameters
are similar in responder patients. Cytotoxic drugs are
firstly directed to kill tumour cells; however, after cell
death, with the consequent loss of pro-angiogenic factors
produced by tumour cells, they also induce a significant
reduction in pharmacokinetic parameters. In a study of
21 patients who underwent neoadjuvant chemotherapy
with epirubicin and paclitaxel, a significant reduction
of Kep ( p50.002) was observed in responder patients
already after the first cycle, whereas a change in
tumour size was only observed after the third cycle
(p50.008)[26]. In another study of 28 breast cancer
patients who underwent neoadjuvant chemotherapy
with FEC (5-fluorouracil, epirubicin, and cyclophospha-
mide), Ktrans and Kep decreased after two cycles of ther-
apy (�39.8% and �33.3%, respectively) in responders,
whereas they increased in non-responders (18.1% and
7.4%, respectively)[27]. These findings suggest that
DCE-MRI may predict response to therapy as early as
after one or two cycles of neoadjuvant chemotherapy,
thus potentially selecting non-responder patients for an
alternative treatment.

Pre-therapy DCE-MRI may predict response to ther-
apy, as demonstrated in a study of 15 patients with
higher pre-therapy Ktrans in responder patients[28], and
should in theory have a prognostic value in breast
cancer, because MVD has shown prognostic value in
terms of progression-free survival (PFS) or overall sur-
vival[29]; however, larger studies are required to validate
these preliminary observations, although they have
already been demonstrated in other tumours[30].

DW-MRI

Imaging technique and analysis

DW-MRI measures the microscopic mobility of water
molecules (Brownian motion) in biological tissues.
After the application of two equal-sized gradients, sepa-
rated by a 180-degree radiofrequency (RF) pulse, the
water molecules lose their coherence according to their
movement. Stationary water molecules therefore generate
a hyperintense DW image, whereas non-stationary water
molecules generate a hypointense DW image. The signal
loss after the second gradient is also dependent on the
strength of the gradient applied (b-value), which is
expressed in s/mm2 (see Appendix 2).

Two to 3 different b-values (ranging from 0 to 1000 s/
mm2) are generally applied in a DW-MRI sequence for
breast imaging, so that 2�3 images of the same volume
with different signal intensity of tissues are obtained. If
the logarithm of signal intensity for each b-value is plot-
ted, a line through the points can be calculated. The slope
of this line defines the apparent diffusion coefficient
(ADC) of water molecules (expressed in mm2/s) (see

Appendix 2). The ADC is often displayed on pixel-by-
pixel maps (ADC maps), which are automatically gener-
ated from the commercial workstations of the MRI scan-
ners and commonly displayed in grey scale: tissues with
higher ADC values (increased diffusion) appear bright
and tissues with lower ADC values (impeded diffusion)
appear dark.

At our institution, we perform DW sequences with the
following parameters: TR/TE, 4800/71 ms; thickness,
5 mm; gap, 1 mm; matrix, 150� 90; acquisition time,
5 min 4 s; 4 b-values (0, 250, 500, 1000 s/mm2); and sup-
pression of the fat signal using SPAIR.

The analysis of DW-MRI can be performed qualita-
tively or quantitatively.

Qualitative analysis of DW-MRI is performed by a
combined visual assessment of the high b-value DW-
MR images and the corresponding ADC maps. Breast
cancer is usually characterized by hyperintensity on the
high b-value DW-MR images and a dark colour on ADC
maps (Fig. 11a,b), indicative of impeded diffusion of
water molecules; however, proteinaceous cysts might

Figure 11 A 16-mm mass lesion of the right breast, which
is hyperintense in (a), the axial high b-value (1000 s/mm2)
DW-MR image, and dark on (b), ADC maps representing
low ADC values (impeded diffusion), characteristic of
breast cancer.
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also have a viscous environment, which generates
impeded diffusion of water molecules, with similar
appearance. A simple cyst (or the necrotic/cystic compo-
nent of a breast cancer) is usually characterized by
hypointensity on the high b-value DW-MR images and
a bright colour on ADC maps, indicative of apparently
free diffusion of water molecules (Fig. 12).

Quantitative analysis of DW-MRI is performed by cal-
culating the ADC values of tissues. An ROI is manually
drawn along the margins of the suspicious lesion on high
b-value DW-MR images, in each section where it is pres-
ent. The ROI is then copied on ADC maps to extract the
ADC value. The ADC value of the ROI is usually dis-
played in summary statistics (mean, median and standard
deviation), which is the simplest and most frequently
used method.

Clinical applications

The detection of a breast cancer by qualitative analysis
of DW-MRI alone is possible in theory, as reported in a
study of 70 patients[31]. However, its utility in clinical
routine is limited because conventional contrast-
enhanced MRI already has very high sensitivity for the
detection of breast cancer.

The ADC value can be used to characterize breast
lesions; the sensitivity and specificity are influenced by
the ADC cut-off values selected. For example, in a study
of 78 patients, the mean ADC value for the 35 malignant
lesions included was (1.298� 0.129)� 10�3 mm2/s,
with reported sensitivity and specificity rates of 88.6%
and 95.3% for a cut-off value of 1.48� 10�3 mm2/s,
and sensitivity and specificity rates of 100% and 86%
for a cut-off value of 1.53� 10�3 mm2/s[32]. The mean
ADC values reported in the largest published series of
breast cancer patients who underwent DW-MRI at 1.5 T
using b-values of 1000�1074 s/mm2 range from
(0.89� 0.17)� 10�3 mm2/s to (1.17� 0.18)� 10�3

mm2/s for breast cancer and from (1.35� 0.10)� 10�3

mm2/s to (1.90� 0.20)� 10�3 mm2/s for normal breast
tissue or benign lesions[3,33�39]. This means that it is still
difficult to identify a reliable cut-off for malignancy that

can be used in clinical routine across different institu-
tions, mainly due to the lack of standardization in DW-
MRI protocols.

The ADC value of breast cancer is expected to increase
after therapy, due to cell death and consequent decrease
of cellularity and integrity of cell membranes (Fig. 13).
It has been demonstrated in several studies[40�42] that
the changes in ADC values usually precede changes in
tumour size detected by conventional breast MRI. Larger
studies are encouraged to validate these promising pre-
liminary observations.

DW-MRI may also have a role in the identification of
residual tumour (Fig. 14a�d) after neoadjuvant chemo-
therapy, when it can be difficult to correctly evaluate
tumour size with conventional breast MRI. In a study
of 69 breast cancer patients who underwent neoadjuvant
chemotherapy[43], DW-MRI showed higher accuracy
than conventional contrast-enhanced MRI (96% versus
89%) for the detection of residual tumour.

Tumours with high ADC values at baseline have been
correlated with higher grades of necrosis and thus poor
response to therapy[2], due to poor drug delivery. In a
study of 21 patients with breast cancer undergoing neoad-
juvant chemotherapy[44], the mean ADC value before
therapy for non-responder patients was (1.46� 0.33) �
� 10�3 mm2/s, compared with (0.99� 27)� 10�3

mm2/s for responders. Similar observations were
reported in a study of 53 patients, where the pretreatment
mean ADC of non-responders ((1.299� 0.079)� 10�3

mm2/s) was significantly higher (p¼ 0.004) than that
of responders ((1.036� 0.015)� 10�3 mm2/s). The
authors also identified a pretreatment ADC cut-off of
1.17� 10�3 mm2/s, which provided a sensitivity of 94%
(95% confidence interval [CI] 81%, 99%) and a specifi-
city of 71% (95% CI 44%, 90%) for predicting response
groups[45].

Clinical indications

As a general recommendation, good indications are all
those that use the high sensitivity of breast MRI for diag-
nosis and we stress the point that breast MRI is not a
problem-solving modality for mammography or ultra-
sonography in a diagnostic setting.

There are many clinical indications for which breast
MRI is believed to add value to the conventional clinical
and diagnostic work-up, which are clearly defined and
explained in detail by the ACR[1]. The main indications
are summarised as follows:

(1) Screening (high-risk patients; contralateral breasts in
patients with a new breast malignancy; patients with
breast augmentation).

(2) To evaluate the extent of invasive carcinoma and
DCIS; in patients with invasion deep to the fascia;
in post-lumpectomy patients with positive margins;
in patients on neoadjuvant chemotherapy.

Figure 12 Cyst showing bright colour on the ADC map
indicating high ADC values (free diffusion).
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(3) For additional evaluation of clinical or imaging find-
ings (recurrence of breast cancer; in metastatic
cancer, when primary cancer in unknown and
breast origin is suspected; for lesion characterization
when biopsy is not possible; in postoperative tissue
reconstruction; for MRI-guided biopsy).

Conclusions

As a result of the major efforts conducted in the recent
years to standardize breast MRI technique and interpre-
tation, as well as to clearly define its clinical indication,
breast MRI is increasingly applied worldwide. This article
has provided the basic technical and clinical skills
to perform and interpret breast MRI, to facilitate the
approach to breast MRI. The brief overview on advanced
imaging techniques introduces the readers to these tech-
niques, which will be increasingly performed in the
coming years.

Appendix 1: diffusion

Water molecules that are in close proximity at one instant
in time will become more and more widely distributed as

time passes due to thermal motion. For spins in the water
have been excited in MRI, the transverse magnetization
will precess at a frequency related to the local magnetic
field strength. Thus, an excited spin that moves away
from its position at the start of a bipolar gradient (a
pair of equally strong but oppositely directed gradients)
will accrue a phase shift relative to one that stayed at its
point of origin throughout the bipolar gradient. The
resulting dispersion of phases of spins in a voxel reduces
signal intensity in image data collected after the bipolar
gradient.

In pure water, the signal decays exponentially
(S¼e�bD) with the rate of diffusion (D) and a scaling
factor (the b-value) that combines the time over which
diffusion took place, the strength of the gradient applied
and the gyromagnetic ratio of the spins. Higher rates of
diffusion and/or higher b-values lead to greater reduction
in signal[46]. In vivo, molecular and cellular structures
impede the motion of water molecules, leading to lower
effective rates of diffusion (Dslow) than are seen in pure
water. It has also been noted that microvascular flow
causes a dispersion of positions similar to a high effective
rate of diffusion (Dfast). The values of Dslow and Dfast can
be determined by fitting a bi-exponential equation to the

Figure 13 Top two images showing axial high b-value (1000 s/mm2) DW-MR image (top left) with corresponding ADC
map (top right): an ROI has been drawn on the DW-MR image (b¼ 1000 s/mm2) and copied on the corresponding ADC
maps for delineating a breast carcinoma of the left breast. The bottom two images showing axial high b-value
(b¼ 1000 s/mm2) DW-MR image (bottom left) with corresponding ADC map (bottom right) of the same tumour
after one cycle of neoadjuvant chemotherapy showing an increase in mean ADC values (circled values) from 995 to
1145\ 10�6 mm2/s.
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signal intensities obtained at a large number of
b-values[46], but most clinical DWI examinations are
performed with a small number of b-values (often just 2
or 3) and are more appropriately fit using a mono-
exponential fitting that yields a so-called ADC. The
resulting ADC values have, however, been found to
depend strongly on the b-values used, and so care must
be taken in comparing measurements obtained with dif-
ferent combination of b-values.

Appendix 2: pharmacodynamic
analysis with Tofts� model

The arrival of an injected T1-shortening contrast agent
first affects only the signal from the blood plasma. In

most tissues, a concentration gradient will cause some
of the contrast agent to pass out of the blood and into
the extravascular�extracellular (interstitial) space caus-
ing enhancement of the MR signal from this space.
Unlike computed tomography, the relationship between
contrast agent concentration and signal enhancement is
non-linear, and so one must estimate the baseline T1 and
convert the signal intensities at each time point into
concentration values prior to applying pharmacokinetic
models.

The two-compartment Tofts� model[47] is one of several
mathematical approaches to describing the contrast
enhancement in terms of pharmacokinetic parameters.
Mechanisms that drive the contrast agent along the con-
centration gradient from the blood to the extravascular

Figure 14 (a) Axial subtracted image at baseline shows a mass-enhancing lesion of the left breast (arrow) with irregular
shape and margins, characterized by heterogeneous contrast enhancement. (b) Axial high b-value (b¼ 1000 s/mm2)
DW-MR image of the same lesion (arrow), appearing hyperintense, characteristic of breast cancer. (c) The axial
subtracted image after completion of neoadjuvant chemotherapy does not clearly allow exact identification of the
extent of residual tumour (arrow), if any, due to the mild contrast enhancement. (d) The axial high b-value
(b¼ 1000 s/mm2) DW-MR image of the same lesion (arrow) shows a discrete hyperintense lesion, more clearly distin-
guishable from the surrounding breast tissue, accounting for residual disease, which was then confirmed after surgery.
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extracellular space during the first arrival of the bolus
are encapsulated in the parameter Ktrans. As the con-
centration in the blood plasma subsides, the concentra-
tion gradient reverses pushing contrast agent from
extravascular��extracellular space to the blood in an
exponential way determined by the parameter Kep.
The volume of extravascular space (as a fraction Ve of
the voxel size) is also estimated by the model. As the
driver of the model, the concentration of contrast agent
in the feeding artery (the arterial input function, AIF) is
needed. Obtaining an AIF for an individual patient is
often difficult due to vessel motion, pulsation of the
blood and partial volume effects, and so population-
based AIFs are often used in analysis.

The temporal resolution of scans used for pharmaco-
kinetic modelling are also suitable for calculating the
cumulative enhancement (area under the curve), an indi-
cator of the combined blood and extravascular extracel-
lular volumes. Limiting the duration of integration for the
calculation of the area under the curve to 60 s is a widely
accepted approach (iAUC60) to standardizing this mea-
surement but other rules (e.g. injection to end of first
pass, and the first 30 s after injection) have been used.

References
[1] BI-RADS� Atlas. American College of Radiology. http://www�

.acr.org/SecondaryMainMenuCategories/quality_safety/
BIRADSAtlas/BIRADSAtlasexcerptedtext.aspx. Accessed 20th
February 2011.

[2] Padhani AR, Liu G, Koh DM, et al. Diffusion-weighted magnetic
resonance imaging as a cancer biomarker: consensus and recom-
mendations. Neoplasia 2009; 11: 102�25.

[3] Sinha S, Lucas-Quesada FA, Sinha U, DeBruhl N, Bassett LW.
In vivo diffusion-weighted MRI of the breast: potential for lesion
characterization. J Magn Reson Imaging 2002; 15: 693�704.
doi:10.1002/jmri.10116.

[4] Sardanelli F, Boetes C, Borisch B, et al. Magnetic resonance
imaging of the breast: recommendations from the EUSOMA
working group. Eur J Cancer 2010; 46: 1296�316. doi:10.1016/
j.ejca.2010.02.015.

[5] Sardanelli F, Fausto A, Menicagli L, Esseridou A. Breast vascular
mapping obtained with contrast-enhanced MR imaging: implica-
tions for cancer diagnosis, treatment, and risk stratification. Eur
Radiol 2007; 17(Suppl 6), F48�51.

[6] Morris EA. Breast magnetic imaging lexicon. In: Morris EA,
Liberman L, editors. Breast MRI diagnosis and intervention.
New York: Springer; 2005.

[7] Tominaga J, Hama H, Kimura N, Takahashi S. MR imaging of
medullary carcinoma of the breast. Eur J Radiol 2009; 70: 525�9.
doi:10.1016/j.ejrad.2008.01.044.

[8] Kuhl CK, Klaschik S, Mielcarek P, Gieseke J, Wardelmann E,
Schild HH. Do T2 weighted pulse sequences help with the differ-
ential diagnosis of enhancing lesions in dynamic breast MRI?
J Magn Reson Imaging 1999; 9: 187�96. doi:10.1002/
(SICI)1522-2586(199902)9:25187::AID-JMRI643.0.CO;2-2.

[9] Malich A, Fischer DR, Wurdinger S, et al. Potential MRI inter-
pretation model: differentiation of benign from malignant breast
masses. AJR Am J Roentgenol 2005; 185: 964�70. doi:10.2214/
AJR.04.1073.

[10] Tse GM, Law BK, Ma TK, et al. Hamartoma of the breast:
a clinicopathological review. J Clin Pathol 2002; 55: 951�4.
doi:10.1136/jcp.55.12.951.

[11] Morris EA. Diagnostic breast MR imaging: current status and
future directions. Magn Reson Imaging Clin N Am 2010; 18:
57�74. doi:10.1016/j.mric.2009.09.005.

[12] Matsubayashi R, Matsuo Y, Edakuni G, Satoh T, Tokunaga O,
Kudo S. Breast masses with peripheral rim enhancement on
dynamic contrast-enhanced MR images: correlation of MR find-
ings with histologic features and expression of growth factors.
Radiology 2000; 217: 841�8.

[13] Szab�o BK, Aspelin P, Kristoffersen Wiberg M, Tot T, Bon�e B.
Invasive breast cancer: correlation of dynamic MR features with
prognostic factors. Eur Radiol 2003; 13: 2425�35.

[14] Nunes LW, Schnall MD, Orel SG. Update of breast MR imaging
architectural interpretation model. Radiology 2001; 219: 484�94.

[15] Erguvan-Dogan B, Whitman GJ, Kushwaha AC, Phelps MJ,
Dempsey PJ. BI-RADS-MRI: a primer. AJR Am J Roentgenol
2006; 187: W152�60. doi:10.2214/AJR.05.0572.

[16] Kuhl CK, Mielcareck P, Klaschik S, et al. Dynamic breast MR
imaging: are signal intensity time course data useful for differen-
tial diagnosis of enhancing lesions? Radiology 1999; 211:
101�10.

[17] Kuhl CK. Concepts for differential diagnosis in breast MR ima-
ging. Magn Reson Imaging Clin N Am 2006; 14: 305�28.
doi:10.1016/j.mric.2006.07.002.

[18] Cilotti A, Nori J, Panizza P. Come si interpreta.
In: Giuseppetti GM, Panizza P, Valeri G, editors. Risonanza
magnetica mammaria, istruzioni per l�uso. Vermezzo, Milan:
Poletto Editore srl; 2009.

[19] Baum F, Fischer U, Vosshenrich R, Grabbe E. Classification of
hypervascularized lesions in CE MR imaging of the breast. Eur
Radiol 2002; 12: 1087�92.

[20] Chen JH, Nalcioglu O, Su MY. Fibrocystic change of the breast
presenting as a focal lesion mimicking breast cancer in MR ima-
ging. J Magn Reson Imaging 2008; 28: 1499�505. doi:10.1002/
jmri.21455.

[21] Teifke A, Behr O, Schmidt M, et al. Dynamic MR imaging of
breast lesions: correlation with microvessel distribution pattern
and histologic characteristics of prognosis. Radiology 2006;
239: 351�60. doi:10.1148/radiol.2392050205.

[22] Oshida K, Nagashima T, Ueda T, et al. Pharmacokinetic analysis
of ductal carcinoma in situ of the breast using dynamic MR
mammography. Eur Radiol 2005; 15: 1353�60. doi:10.1007/
s00330-005-2661-9.

[23] Li J, Yu Y, Zhang Y, et al. A clinically feasible method to estimate
pharmacokinetic parameters in breast cancer. Med Phys 2009;
36: 3786�94. doi:10.1118/1.3152113.

[24] Thukral A, Thomasson DM, Chow CK, et al. Inflammatory breast
cancer: dynamic contrast-enhanced MR in patients receiving bev-
acizumab�initial experience. Radiology 2007; 244: 727�35.
doi:10.1148/radiol.2443060926.

[25] Wedam SB, Low JA, Yang SX, et al. Antiangiogenic and antitu-
mor effects of bevacizumab in patients with inflammatory and
locally advanced breast cancer. J Clin Oncol 2006; 24: 769�77.
doi:10.1200/JCO.2005.03.4645.

[26] Wasser K, Klein SK, Fink C, et al. Evaluation of neoadjuvant
chemotherapeutic response of breast cancer using dynamic
MRI with high temporal resolution. Eur Radiol 2003; 13: 80�7.

[27] Ah-See ML, Makris A, Taylor NJ, et al. Early changes in func-
tional dynamic magnetic resonance imaging predict for patho-
logic response to neoadjuvant chemotherapy in primary breast
cancer. Clin Cancer Res 2008; 14: 6580�9. doi:10.1158/1078-
0432.CCR-07-4310.

[28] Hayes C, Padhani AR, Leach MO. Assessing changes in tumour
vascular function using dynamic contrast-enhanced magnetic res-
onance imaging. NMR Biomed 2002; 15: 154�63. doi:10.1002/
nbm.756.

[29] Hlatky L, Hahnfeldt P, Folkman J. Clinical application of anti-
angiogenic therapy: microvessel density, what it does and doesn�t
tell us. J Natl Cancer Inst 2002; 94: 883�93.

Breast MR 89

www.acr.org/SecondaryMainMenuCategories/quality_safety/BIRADSAtlas/BIRADSAtlasexcerptedtext.aspx
www.acr.org/SecondaryMainMenuCategories/quality_safety/BIRADSAtlas/BIRADSAtlasexcerptedtext.aspx
www.acr.org/SecondaryMainMenuCategories/quality_safety/BIRADSAtlas/BIRADSAtlasexcerptedtext.aspx
http://dx.doi.org/10.1002/jmri.10116
http://dx.doi.org/10.1016/j.ejca.2010.02.015
http://dx.doi.org/10.1016/j.ejca.2010.02.015
http://dx.doi.org/10.1016/j.ejrad.2008.01.044
http://dx.doi.org/10.1002/(SICI)1522-2586(199902)9:2<187::AID-JMRI6>3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1522-2586(199902)9:2<187::AID-JMRI6>3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1522-2586(199902)9:2<187::AID-JMRI6>3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1522-2586(199902)9:2<187::AID-JMRI6>3.0.CO;2-2
http://dx.doi.org/10.2214/AJR.04.1073
http://dx.doi.org/10.2214/AJR.04.1073
http://dx.doi.org/10.1136/jcp.55.12.951
http://dx.doi.org/10.1016/j.mric.2009.09.005
http://dx.doi.org/10.2214/AJR.05.0572
http://dx.doi.org/10.1016/j.mric.2006.07.002
http://dx.doi.org/10.1002/jmri.21455
http://dx.doi.org/10.1002/jmri.21455
http://dx.doi.org/10.1148/radiol.2392050205
http://dx.doi.org/10.1007/s00330-005-2661-9
http://dx.doi.org/10.1007/s00330-005-2661-9
http://dx.doi.org/10.1118/1.3152113
http://dx.doi.org/10.1148/radiol.2443060926
http://dx.doi.org/10.1200/JCO.2005.03.4645
http://dx.doi.org/10.1158/1078-0432.CCR-07-4310
http://dx.doi.org/10.1158/1078-0432.CCR-07-4310
http://dx.doi.org/10.1002/nbm.756
http://dx.doi.org/10.1002/nbm.756


[30] Flaherty KT, Rosen MA, Heitjan DF, et al. Pilot study of DCE-
MRI to predict progression-free survival with sorafenib therapy in
renal cell carcinoma. Cancer Biol Ther 2008; 7: 496�501.

[31] Kuroki-Suzuki S, Kuroki Y, Nasu K, Nawano S, Moriyama N,
Okazaki M. Detecting breast cancer with non-contrast MR ima-
ging: combining diffusion-weighted and STIR imaging. Magn
Reson Med Sci 2007; 6: 21�7. doi:10.2463/mrms.6.21.

[32] Fornasa F, Pinali L, Gasparini A, Toniolli E, Montemezzi S.
Diffusion-weighted magnetic resonance imaging in focal breast
lesions: analysis of 78 cases with pathological correlation.
Radiol Med 2011; 116: 264�75. doi:10.1007/s11547-010-0602-4.

[33] Kuroki Y, Nasu K, Kuroki S, et al. Diffusion-weighted imaging of
breast cancer with the sensitivity encoding technique: analysis of
the apparent diffusion coefficient value. Magn Reson Med Sci
2004; 15: 79�85.

[34] Guo Y, Cai YQ, Cai ZL, et al. Differentiation of clinically
benign and malignant breast lesions using diffusion-weighted ima-
ging. J Magn Reson Imaging 2002; 16: 172�8. doi:10.1002/
jmri.10140.

[35] Rubesova E, Grell AS, De Maertelaer V, Metens T, Chao SL,
Lemort M. Quantitative diffusion imaging in breast cancer: a
clinical prospective study. J Magn Reson Imaging 2006; 24:
319�24. doi:10.1002/jmri.20643.

[36] Park MJ, Cha ES, Kang BJ, Ihn YK, Baik JH. The role of diffu-
sion-weighted imaging and the apparent diffusion coefficient
(ADC) values for breast tumors. Korean J Radiol 2007; 8:
390�6. doi:10.3348/kjr.2007.8.5.390.

[37] Marini C, Iacconi C, Giannelli M, Cilotti A, Moretti M,
Bartolozzi C. Quantitative diffusion-weighted MR imaging in
the differential diagnosis of breast lesion. Eur Radiol 2007; 17:
2646�55. doi:10.1007/s00330-007-0621-2.

[38] Hatakenaka M, Soeda H, Yabuuchi H, et al. Apparent diffusion
coefficients of breast tumors: clinical application. Magn Reson
Med Sci 2008; 7: 23�29. doi:10.2463/mrms.7.23.

[39] Tsushima Y, Takahashi-Taketomi A, Endo K. Magnetic reso-
nance (MR) differential diagnosis of breast tumors using

apparent diffusion coefficient (ADC) on 1.5-T. Magn Reson
Imaging 2009; 30: 249�55.

[40] Thoeny HC, Ross BD. Predicting and monitoring cancer treat-
ment response with diffusion-weighted MRI. J Magn Reson
Imaging 2010; 32: 2�16. doi:10.1002/jmri.22167.

[41] Sharma U, Danishad KK, Seenu V, Jagannathan NR.
Longitudinal study of the assessment by MRI and diffusion-
weighted imaging of tumor response in patients with locally
advanced breast cancer undergoing neoadjuvant chemotherapy.
NMR Biomed 2009; 22: 104�13. doi:10.1002/nbm.1245.

[42] Pickles MD, Gibbs P, Lowry M, Turnbull LW. Diffusion
changes precede size reduction in neoadjuvant treatment of
breast cancer. Magn Reson Imaging 2006; 24: 843�7.
doi:10.1016/j.mri.2005.11.005.

[43] Woodhams R, Kakita S, Hata H, et al. Identification of residual
breast carcinoma following neoadjuvant chemotherapy: diffusion-
weighted imaging�comparison with contrast-enhanced MR ima-
ging and pathologic findings. Radiology 2010; 254: 357�66.
doi:10.1148/radiol.2542090405.

[44] Iacconi C, Giannelli M, Marini C, et al. The role of mean diffu-
sivity (MD) as a predictive index of the response to chemotherapy
in locally advanced breast cancer: a preliminary study. Eur Radiol
2010; 20: 303�8. doi:10.1007/s00330-009-1550-z.

[45] Park SH, Moon WK, Cho N, Song IC, et al. Diffusion-weighted
MR imaging: pretreatment prediction of response to neoadjuvant
chemotherapy in patients with breast cancer. Radiology 2010;
257: 56�63. doi:10.1148/radiol.10092021.

[46] Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval-
Jeantet M. Separation of diffusion and perfusion in intravoxel
incoherent motion MR imaging. Radiology 1988; 168: 497�505.

[47] Roberts HC, Roberts TP, Brasch RC, Dillon WP. Quantitative
measurement of microvascular permeability in human brain
tumors achieved using dynamic contrast-enhanced MR imaging:
correlation with histologic grade. AJNR Am J Neuroradiol 2000;
21: 891�9.

90 G. Petralia et al.

http://dx.doi.org/10.2463/mrms.6.21
http://dx.doi.org/10.1007/s11547-010-0602-4
http://dx.doi.org/10.1002/jmri.10140
http://dx.doi.org/10.1002/jmri.10140
http://dx.doi.org/10.1002/jmri.20643
http://dx.doi.org/10.3348/kjr.2007.8.5.390
http://dx.doi.org/10.1007/s00330-007-0621-2
http://dx.doi.org/10.2463/mrms.7.23
http://dx.doi.org/10.1002/jmri.22167
http://dx.doi.org/10.1002/nbm.1245
http://dx.doi.org/10.1016/j.mri.2005.11.005
http://dx.doi.org/10.1148/radiol.2542090405
http://dx.doi.org/10.1007/s00330-009-1550-z
http://dx.doi.org/10.1148/radiol.10092021

	mk1

