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The role of mean diffusivity (MD)
as a predictive index of the response
to chemotherapy in locally advanced breast
cancer: a preliminary study

Abstract Objective: To evaluate the
role of mean diffusivity (MD) as a
predictive index of the response to
chemotherapy in locally advanced
breast cancer. Methods: Twenty-one
women referred to our institution
with a diagnosis of locally advanced
breast cancer underwent magnetic
resonance imaging (MRI) studies at
1.5 T before beginning and after
completing combined neoadjuvant
chemotherapy. The examination pro-
tocol included an EPI sequence sen-
sitised to diffusion (b-value
1,000 s/mm2) and three-dimensional
(3D) coronal T1 sequences before and
after intravenous contrast medium.
Tumours were delineated by using
dynamic MR acquisition before and
after chemotherapy. The percentage of
tumour volume reduction (PVR) and
pre-(MDpre) and post-therapy (MDpost)
MD values were computed for each
lesion. Results: PVR ≥ 65% was
observed in 17/21 patients (re-
sponders). MDpre of responders (0.99±
0.27 10−3 mm2/s) was significantly

(p=0.025) lower than MDpre of non-
responders (1.46±0.33 10−3 mm2/s).
Moreover, in patients as a whole PVR
significantly correlated (p=0.01,
r=−0.54) with MDpre. MDpost (1.26±
0.39 10−3 mm2/s) of responders was
significantly(p=0.024) higher than
MDpre (0.99±0.27 mm2 10−3 mm2/s),
whereas non-responders MDpost

(1.00±0.14 10−3 mm2/s)did not in-
crease compared with MDpre

(1.46±0.33 10−3 mm2/s).
Conclusions: This preliminary study
seems to indicate that low values of pre-
chemotherapyMDmay identify, before
starting treatment, the patients with
higher probability of response in terms
of percentage of volume
reduction of the lesion. MD may
represent a complementary parameter
useful to correctly select patients for
neoadjuvant chemotherapy.
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Introduction

Locally advanced breast cancer includes large primary
tumours (>5 cm in diameter), tumours of any size involving
the skin and/or the chest wall, tumours with fixed or matted
axillary lymph nodes (T3/T4, N2) and those that involve
the ipsilateral subclavicular and supraclavicular lymph
nodes [1]. These patients usually require neoadjuvant
combined chemotherapy to down-stage the disease before
surgical treatment. The early knowledge of response to

neoadjuvant therapy has important consequences for
optimal management, avoiding the continuation of toxic
therapy in non-responding patients. In this regard, mag-
netic resonance imaging (MRI) is considered the best
choice in evaluating the tumour and its response to the
administered treatment, because of its higher accuracy
compared with traditional methods of physical examina-
tion and mammography [2].

Diffusion-weighted (DW)-MRI is a technique sensitised
to the diffusive properties of water molecules and it allows
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non-invasive in vivo measurements of diffusion [3]. Clinical
applications of DW imaging arise from the principle that,
during their random diffusion-driven displacements, water
molecules probe tissue structures at a microscopic scale that
is well beyond the usual image resolution [4]. Thus, DW-
MRI can be used to characterise the ultra-structural proper-
ties and integrity of tissues [5]. DW-MRI has also proved to
be useful in studying breast lesions with a potential
application to distinguish benign lesions from malignant
lesions [6–8]. Indeed, previous studies have shown that
lower diffusion values of malignant lesions compared with
benign ones and normal breast tissue are because of the
increased cellularity of the malignant lesions [9, 10].

Recent investigations have suggested there is a possible
role of quantitative DW-MRI in assessing the early
response of cancers to neoadjuvant chemotherapy [11,
12]. In particular, DW-MRI seems to play a role in
detecting early responses to chemotherapy in locally
advanced breast cancer. DW-MRI, in fact, shows increased
diffusion values due to cellular necrosis just after the first
or second cycle of therapy treatment, before observing any
reduction in the volume of the tumour [13–17].

Based on the close dependence of diffusion imaging on
the organisation of tissues at microscopic level and,
considering that the distribution of chemotherapeutic
agents used is likely to be more effective in highly
cellulated lesions than in tumours with large necrotic areas,
we hypothesised that DW-MRI could be employed also to
collect potential information in predicting the response to
chemotherapy. Thus, in this preliminary study we enrolled
a group of patients with locally advanced breast cancer to
investigate the role of quantitative diffusion measurements
as a predictive index of response to chemotherapy.

Materials and methods

Patients

From December 2005 to September 2006 the breast
oncology team (breast imaging radiologists, oncologists
and/or breast surgeons) in our institution enrolled 45
consecutive women with a microhistologically proven
diagnosis of locally advanced breast cancer for breast MRI
at baseline and at the end of neoadjuvant chemotherapy.
None of the patients had been treated with either hormone,
chemotherapy or radiotherapy before the first MR exam-
ination. Written informed consent was obtained from all
patients. The women underwent MRI studies both before
the beginning and after completing the same cycles of
combined neoadjuvant therapy: three cycles of FEC (5FU,
epirubicin, cyclophosphamide) all drugs given on the 1st
and 8th day of a 28-day cycle before surgery.

The patients underwent also clinical evaluation, mam-
mography and ultrasonography before, during treatment
and at the end of neoadjuvant chemotherapy.

MRI study and image processing

All acquisitions were performed by using a 1.5-T MR
system (Magnetom Symphony, Siemens Medical Systems,
Erlangen, Germany) with a maximum gradient strength of
30 mT/m and a slew rate of 75 (T·m−1)/s. A dedicated breast
coil was used for radiofrequency reception of the MR
signal. The conventional MRI protocol in our institution
included a fast spin echo T2-weighted sequence in the
sagittal plane (repetition time/echo time, 2,690 ms/79 ms;
field of view, 300×177 mm; section thickness, 4 mm;
intersection gap, 0.4 mm; matrix, 256×134; number of
signals acquired, 1) and a pre-contrast and post-contrast fat-
saturated three-dimensional (3D) T1-weighted sequence in
the coronal plane (repetition time/echo time, 11 ms/4.8 ms;
field of view, 350×203 mm; slab thickness, 151 mm;
section thickness, 2.1 mm; intersection gap, 0.4 mm;
matrix, 384×180; number of signals acquired, 1). A
gadolinium chelate contrast medium was injected intrave-
nously at a dose of 0.1 mmol/kg at a velocity rate of 2 ml/s
using a power injector followed by a flush of saline solution.

DW images with b-value=1,000 s/mm2 and one diffusion
un-weighted image (b-value=0 s/mm2) were obtained before
conventional MRI with a spin echo EPI sequence in the
coronal and axial plane (repetition time/echo time,
2,690 ms/79 ms; field of view, 300×177 mm; section
thickness, 4 mm; intersection gap, 0.4 mm; matrix, 256×
134; number of signals acquired, 1). The diffusion gradient
was applied along the principal directions (x, y and z).
Apparent diffusion coefficient (ADC) values along the
principal directions were estimated voxelwise as:

ADC ¼ ln Sb¼1000=Sb¼0½ �
b

(1)

where Sb=1000 and Sb=0 are respectively the signal of
diffusion weighted and diffusion un-weighted image. Then,
mean diffusivity (MD) maps were computed as:

MD ¼ 1

3
ADCx þ ADCy þ ADCz

� �
(2)

The diffusion in normal breast tissue is isotropic and there is
not evidence that the diffusion of breast lesion is anisotropic.
However, in our study we preferred to quantify diffusion by
means of MD instead of ADC. Indeed, in isotropic tissue MD
and ADC values are the same but ADC is not suitable for
characterising diffusion in anisotropic tissue since it depends
on direction. On the other hand, MD, which is proportional to
the trace of diffusion tensor when cross terms of diffusion
gradients can be neglected, can quantify diffusion in isotropic
and anisotropic tissue independently on direction.

All MR images were analysed by a radiologist with 10
years’ experience in breast imaging. Tumour volume was
calculated by means of the dynamic MR study, summing

304



the area of suspicious contrast uptake [18] in each image
multiplied by slice thickness. In MD map a region of
interest (ROI) was traced and the average ROI value of the
breast lesion was measured. In order to improve the
reliability and reproducibility of diffusion measurements,
the ROI was manually drawn within the tumour reducing
partial volume effects. This procedure was performed for
each slice where the tumour was present and the mean
value quantified the MD of the entire lesion.

These measurements were performed both before and
after the neoadjuvant chemotherapy.

Clinical and MRI data analysis

According to Pickles et al. [19] and Partridge et al. [20] we
classified as “responders” (R) the patients with a percentage
of tumour volume reduction at the end of chemotherapy
(PVR) greater than 65% and as “non-responders” (NR) the
patients with PVR less than 65%.

To assess the reliability of the MRI volume measure-
ment, any linear correlation (Pearson test) between the
largest diameter of the tumour measured by MRI at the end
of chemotherapy and the largest diameter of residual
tumour measured by pathology was evaluated [2].

Differences between MD values pre-chemotherapy
(MDpre) between R and NR patients were assessed with a
non-parametric two-tailed Mann-Whitney test. Any corre-
lation between PVR and MDpre was investigated using
Spearman’s rank correlation test in the group of patients as
a whole. Moreover, MD values pre-chemotherapy and MD
values post-chemotherapy (MDpost) in R and NR patients
were compared using the two tailed Mann-Whitney test.

Results

Only 21 (age range: 39–68 years; mean age: 50 years) out
of 45 women with locally advanced breast cancer
completed the study. We were unable to follow-up on 24
patients: two patients decided immediately to undergo
surgical treatment, while the other 22 patients reported
logistic and technical problems. In particular, nine patients
did not perform the planned MRI exam because they had
difficulty getting to the exam centre; likewise, four patients
performed the first MRI exam but they did not perform the
second MRI exam. Five patients suffered from claustro-
phobia, so it was not possible to complete the MRI
acquisition. Finally, in four women we observed important
motion artefacts due to lack of compliance to the first MRI
exam and they were excluded from the study.

Definitive histology resulted in invasive ductal cancer
(IDC) in 15 patients, mucinous cancer in one patient,
invasive lobular cancer (CLI) in two patients and IDC with
in situ ductal cancer (DCIS) in three patients. The median
initial tumour size on dynamic MRI was 4.1 cm (range 2.8–

10 cm) in maximum diameter. The tumoural volume
measured before neoadjuvant treatment ranged from 11 to
322 cm3 (mean volume 133 cm3, standard deviation
132 cm3). Nineteen out of 21 patients showed residual
tumour after chemotherapy (range 0.3–160 cm3, mean
volume 26 cm3, standard deviation 32 cm3). The largest
diameter of tumour measured by MRI at the end of
chemotherapy significantly (p<0.001) correlated with the
largest diameter of residual tumour measured by pathology.

PVR ≥ 65% was observed in 17/21 patients (respon-
ders), including two complete responses to treatment
without any enhancement at dynamic MRI before surgery
and without residual tumour at pathology. We were able to
measure MD in all patients before and after treatment,
excluding the measurements after chemotherapy in the two
women having complete response.

MDpre of responders (0.99±0.27 10−3 mm2/s) was
significantly (p=0.025) lower than MDpre of non-respon-
ders (1.46±0.33 10−3 mm2/s) (Figs. 1, 2, 3). Moreover, in
the group of patients as a whole (responders and non-
responders) PVR significantly correlated (p=0.01, r=
−0.54) with MDpre (Fig. 4). In responders (Fig. 5) MDpost

(1.26±0.39 10−3 mm2/s) was significantly (p=0.024) higher
than MDpre (0.99±0.27 10−3 mm2/s) whereas in the small
group of non-responders (Fig. 6) MDpost (1.00±0.14
10−3 mm2/s) decreased with respect to MDpre (1.46±
0.33 10−3 mm2/s) but not significantly (p>0.05).

Discussion

In the present study we investigated whether quantitative
diffusion measurements of MD could represent a predictive
index of the response to chemotherapy in locally advanced
breast cancer. The main finding of our study shows that
MD pre-chemotherapy values were significantly lower in
responders than in non-responders. The lower baseline MD
values of responders could be due to the more packed
cellularity of these neoplasms with less micro- and
macroscopic necrosis. Thus, chemotherapy could reach a
large number of cells and actively affect them, suggesting a
better response to chemotherapy in patients with lower
MDpre values. We emphasise that this hypothesis is
corroborated by the significant negative correlation
between MD pre-chemotherapy and the percentage of
tumour volume reduction in patients as a whole.

The early knowledge of response to neoadjuvant
chemotherapy in patients with locally advanced breast
cancer is a fundamental element. To the best of our
knowledge, this is the first study which indicates that MD
measurements could represent, besides a way for monitor-
ing early response during treatment as previously reported
[13], also a predictive index of response to chemotherapy
in locally advanced breast cancer. Therefore, the measure-
ment of MDpre could help clinicians to identify patients
potentially suitable for neoadjuvant chemotherapy.
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Since any changes in tumour size represent the param-
eter usually employed for monitoring tumour response
from the oncological point of view, in the present study the
PVR was used to evaluate the response to neoadjuvant
chemotherapy. The reliability of volume measurements on
MRI was confirmed by the significant linear correlation
between the largest diameter of tumour measured by MRI
at the end of chemotherapy and the largest diameter of
residual tumour measured by pathology.

The accuracy of volume and diffusion measurements
may become difficult to assess heterogeneous tumours
without a clear delineation, such as that depicted in Fig. 2,
or tumours with linear/dendritic neoplastic distribution and
multicentricity with lesions smaller than resolution of MD
maps, although they were not observed in our patients. This
could be a limit of MD measurements, especially in
monitoring treatment in cases of irregular tumour frag-
mentation after chemotherapy with small and multifocal

neoplastic residuals. Besides, we recognise as a limitation
of our study the relatively low number of patients due to the
high rate of incomplete MRI examinations. Hence, our
results have to be considered as precursors to future studies
in larger samples of patients. In this regard, we tentatively
tried to infer further analysis from the data reported by
Sharma et al. [17] and Pickles et al. [13]. It should be
noticed that the study of Sharma and co-workers includes a
number of patients (29) comparable with the number of
patients included in our study (21). On the other hand,
Pickles and co-workers enrolled a smaller number of
patients. The data of Sharma and co-workers seem to
indicate that in responder patients (PVR>65%) the mean
ADC before treatment is lower compared with non-
responder patients (PVR<65%) but not significantly (p>
0.05, Mann Whitney test). Pickles and co-workers did not
measure tumour volume. However, the ADC pre-chemo-
therapy does not significantly correlate (p>0.05, Spearman

Fig. 1 Responder patient: axial
MIP of subtracted images (a) in a
case of locally advanced breast
cancer and one image of the MD
map (b) before chemotherapy
(mean MD value of the entire
lesion: 0.91×10−3 mm2/s). Pa-
thology: invasive ductal cancer

Fig. 2 Non-responder patient:
axial MIP of subtracted images
before chemotherapy (a) and one
image of the MD map before
treatment (mean MD value of the
entire lesion: 1.2×10−3 mm2/s)
(b). Pathology: invasive ductal
cancer with foci of in situ ductal
cancer
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test) with the percentage variation of the longest diameter of
the tumour. We think that a comparison between different
studies should be performed with caution. Indeed, in our
study we measured MD using b-valuesof0, 1,000 s/mm2,
whereas Sharma et al. [17] and Pickles et al. [13] measured
ADC using b-values of 0, 500, 1,000 s/mm2 and 0, 700 s/
mm2, respectively. Moreover, for the three studies different
MR scanners and acquisition sequences were employed.

In agreement with previous studies concerning diffusion
measurements in different types of tumour [21, 12], even if
we did not perform an early evaluation of tumour response,
our results confirmed in responders increased MD values
after chemotherapy compared with MD values before
chemotherapy. This could be due to a reduction of neoplasm
cellularity owing to necrosis with increased water diffusion
and the possible influence on patient prognosis [22]. Ogston
et al. [23], in fact, in their study showed that a cellular
reduction after chemotherapy seemed to correlate with a
longer survival rate and thus a better prognosis. In our study
wewere not able to consider the prognosis of the responders
because of the short-term follow-up of patients. On the
other hand, in non-responders MDpost decreased with
respect to MDpre, although not significantly. The pattern
of MD variation observed in non-responders is similar to

that reported in the article of Ross et al. [24]. It could be
interpreted as a reduced cell-killing effect during treatment
and further proliferation of tumour cells with increasing
cellular density, resulting in reduced diffusion. In this
regard, Ross et al. [24] and Roth et al. [25] have suggested
that MD may decrease in non-responders due to absent
cellular lysis and also neoplastic cells proliferation.

Conclusions

Quantitative DW-MRI could represent a further analysis in
the evaluation of locally advanced breast cancer. Low
values of pre-chemotherapy MD may identify, before
starting treatment, the patients with a higher probability of
response to treatment in terms of increased percentage of
volume reduction of the lesion. Thus, this preliminary
study suggests that MD measurements could represent,
besides the previously showed capabilities in monitoring
early response to therapy, a complementary parameter
potentially useful to correctly select patients for neoadju-
vant chemotherapy. The preliminary results of the present
study and assessment of the clinical impact of MD pre-
treatment measurements require further validation on a
large number of cases.

Fig. 6 MD before (MDpre) and after (MDpost)chemotherapy in non-
responders

Fig. 3 MD before chemotherapy (MDpre) in responders and non-
responders

Fig. 4 Correlation between MD before chemotherapy (MDpre) and
percentage of volume reduction (PVR)

Fig. 5 MD before (MDpre)and after (MDpost) chemotherapy in
responders
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