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Abstract The purpose of this study was to evaluate the
importance of diffusion-weighted magnetic resonance
imaging (DW-MRI) apparent diffusion coefficient (ADC)
values to predict treatment response to neoadjuvant che-
motherapy (NCT) in patients with locally advanced breast
cancer (LABC). Thirty-two patients with LABC underwent
2-4 cylces of NCT (docetaxel and epirubicin). The
DW-MRI scans were performed within one week prior to
chemotherapy and after the first course of treatment,
respectively. Accordingly, tumor volumes, changes in
tumor ADC values, and their degree of correlation were
analyzed. The overall response (OR) was observed in
62.5% (95% CI, 45.7-79.3%) of patients after 2 cycles of
NCT. The clinical complete response (CR) rate and path-
ological CR (pCR) rate were 15.6 and 9.4%, respectively.
The stable disease (SD) rate was 34.4% (11 patients), and
progressive disease (PD) was observed in only one patient
(3.1%). After the first cycle of NCT, the ADC values in the
CR + PR group significantly increased (P < 0.001). The
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initial ADC values before chemotherapy in the OR group
were significantly lower than those in the SD + PD group
(P < 0.001). The initial ADC values and the changes in
tumor volume after chemotherapy were negatively corre-
lated (r = —0.58, P = 0.02). The lower the initial tumor
ADC value was the more obvious the decrease in tumor
volume after chemotherapy. The changes in ADC values of
tumors after chemotherapy and the changes in tumor vol-
ume were positively correlated (r = 0.96, P < 0.001).
After chemotherapy, the greater the change in ADC value,
the more the tumor volume was reduced. Using the initial
ADC values of breast cancer tumors and the early changes
in ADC values after NCT, we may be able to predict tumor
response to chemotherapy. Tumors with low initial ADC
values may be sensitive to chemotherapy; tumors with
significantly increasing ADC values early after chemo-
therapy may be sensitive to chemotherapy.

Keywords Locally advanced breast cancer - Neoadjuvant
chemotherapy - Diffusion-weighted magnetic resonance
imaging - Apparent diffusion coefficient

Introduction

Neoadjuvant chemotherapy (NCT) has been widely used
for patient with locally advanced breast cancer over the last
few decades [1]. The aims of neoadjuvant chemotherapy in
locally advanced breast cancer (LABC) are to reduce the
size of the primary tumor, rendering breast conservation
surgery possible, and to improve overall survival by erad-
icating micrometastatic disease [2, 3]. The early knowledge
of response to NCT has important consequences for opti-
mal management, avoiding the continuation of toxic ther-
apy in non-responding patients. In this regard, magnetic
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resonance imaging (MRI) is considered the best choice in
evaluating the tumor and its response to the administered
treatment because of its higher accuracy compared with
traditional methods of physical examination, mammogra-
phy, and sonography [4].

Enhanced MRI, diffusion-weighted (DW)-MRI, and MR
spectroscopy (MRS) have made great progress in detection,
diagnosis, efficacy monitoring, and prognosis of breast
lesions. DW-MRI is a technique sensitized to the diffusive
properties of water molecules, and it allows noninvasive in
vivo measurements of diffusion [5]. Clinical applications of
DW imaging arise from the principle that, during their ran-
dom diffusion-driven displacements, water molecules probe
tissue structures at a microscopic scale that is well beyond the
usual image resolution [6]. Thus, DW-MRI can be used to
characterize the ultrastructural properties and integrity of
tissues [7]. DW-MRI was used to assess the early response of
glioma [8], bone tumor [9], and breast cancer to neoadjuvant
chemotherapy. 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 tumor [10-13].

DW-MRI depicts the restriction of water molecule dif-
fusivity in malignant tissue as high signal intensity and
yields a low apparent diffusion coefficient (ADC), which is
a quantitative index of the diffusivity of water molecules
[14, 15]. It has been reported that DW-MRI-derived ADC
measurements inversely correlate with histopathologic
assessment of primary central nervous system lymphoma
(PCNSL) tumor cellular density [16]. There were limited
data of the relationship between pretherapeutic ADC
measurements and clinical response in patients with LABC
undergoing neoadjuvant chemotherapy. The purpose of this
study was to evaluate the importance of DW-MRI ADC
values to predict treatment response to NCT in patients
with LABC.

Methods
Patient population

Thirty-two patients with LABC, AJCC (American Joint
Committee on Cancer) clinical stage III, who had received
NCT with docetaxel and epirubicin from July 2007 to July
2010 were included in this prospective study. The baseline
workup included a complete history and clinical exami-
nation, bilateral mammography, bilateral breast ultrasound,
and DW-MRI.

A diagnosis of carcinoma was established through core
needle biopsy of the primary tumor and palpable lymph
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nodes. The laboratory assessment consisted of a CBC,
blood chemistry analysis, and measurement of the tumor
markers (carcinoembryonic antigen and cancer antigen
15.3). The absence of distant metastasis was confirmed by
chest X-ray, bone scan, and liver ultrasound. Patients with
a primary inflammatory carcinoma or metastatic diseases in
breast were excluded.

The median age was 46 years (range, 25-63 years).
Eleven patients (34.4%) were postmenopausal. Patient
characteristics are listed in Table 1. Patients received 2—4
cycles of preoperative NCT with docetaxel 75 mg/m” and
epirubicin 75 mg/m” on day 1, repeated every 21 days.
NCT was continued until tumors became operable in pri-
mary inoperable lesions or until breast-conserving surgery
could be performed in primary operable tumors. After
NCT, patients underwent appropriate surgery according to
the size of their residual tumor. Radiation therapy was
applied after the completion of surgery or chemotherapy if
adjuvant chemotherapy was given. Postoperative irradia-
tion treatment was delivered to the chest wall, internal
mammary lymph nodes, and supraclavicular/axillary lymph
nodes. Finally, patients with hormone receptor—positive
tumors received tamoxifen for 5 years. All procedures were
carried out with the prior informed consent of the patients.
The institutional review board approved the protocol of this
study.

Assessment of response to neoadjuvant chemotherapy

The pathological and clinical assessment of response to
NCT was made. The clinical stage and size of the primary
tumor was recorded before treatment. The measurement of
the primary tumor consisted of the product of its greatest
diameter and its perpendicular diameter. The -clinical
response was evaluated at each cycle of chemotherapy and
prior to definitive surgery on day 21 of the last cycle of
chemotherapy according to the product of primary tumor
diameters and the axillary clinical status, and was classified
as a complete response (CR), partial response (PR), stable
disease (SD), or progressive disease (PD) according to
standard UICC (International Union Against Cancer) cri-
teria [17]. The patients were classified into two groups: the
objective response group (OR), into which all patients
classified as CR or PR were placed. In the surgical speci-
men, pathological responses (pCRs) were evaluated
according to Kuerer et al. criteria [4]. In particular, the
absence of invasive cancer on both the primary breast
tumor and axillary lymph nodes qualified for PCR [18].

DW-MRI examination

DW-MRI of the array spatial sensitivity encoding tech-
nique (ASSET) was used to analyze the tumor ADC.
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Table 1 Patient characteristics (n = 32)

Characteristic No. (%)
Age

Median (range), years 46 (25-63)
Menopausal status

Premenopausal 21 (65.6)

Postmenopausal 11 (34.4)
Clinical T status

T2 9 (28.1)

T3 8 (25.0)

T4 15 (46.9)
ECOG performance

0 19 (59.4)

1 13 (40.6)
Clinical nodal status

Negative 6 (18.8)

Positive 26 (81.3)
Stage

1A 17 (53.1)

1B 12 (37.5)

1IC 3094
Grading

Grade 1 4 (12.5)

Grade II 10 (31.3)

Grade 11T 18 (56.3)
HER-2 status

IHC 0-1+ 15 (46.9)

IHC 2 + (FISH or CISH—) 4 (12.5)

IHC 2 + (FISH or CISH+), IHC 3+ 13 (40.6)
ER status

Negative 15 (46.9)

Positive 17 (53.1)
PgR status

Negative 20 (62.5)

Positive 12 (37.5)
Ki-67

Negative 11 (34.4)

Positive 21 (65.6)

T tumor size; ECOG Eastern Cooperative Oncology Group; HER-2
epidermal growth factor receptor 2; FISH fluorescence in situ
hybridization; CISH chromogenic in situ hybridization; ER estrogen
receptor; PgR progesterone receptor

Tumor volume was measured with the software techniques
of Volume Imaging for Breast Assessment (VIBRANT).
For all 32 patients, the MRI scanning, ASSET-DW-MRI,
and multiphase VIBRANT examinations were carried out
within 1 week prior to chemotherapy and 18-21 days after
the first course of treatment, respectively.

A GE 1.5T EXCITE HD superconducting magnetic
resonance scanner with 4-channel phased array surface coil

for breasts was used. Patients were in the prone position
with the bilateral breast drooping naturally when the MRI
scans, ASSET-DW-MRI, and multiphase VIBRANT were
taken. The imaging parameters were as follows: TIWI: TR/
TE = 600/11.5 ms, layer thickness 4 mm, spacing 1.0
mm, array 320 x 220, NEX = 1.0. FSE T2WI: TR/TE =
4,500/90 ms, layer thickness 4 mm, spacing 1.0 mm, and
array 320 x 256, NEX = 2.0. In axial scanning, 32 layers
were taken in each imaging sequence. Scanning position,
number of scanning layers, thickness, and spacing were
repeatedly copied, FOV = 32-36 cm. ASSET-DWI was
conducted with an array of 128 x 128, b = 0, 1,000 s/
mm? and 0, 600 s/mm>. The shortest TR of 32 layers was
collected, TR = 6,950-7,000 ms, TE = 58 ms, ASSET R
value (scan time reduction factor) = 2. After scanning,
multiphase MRI images were obtained using the
VIBRANT software. Applying axial or sagittal planes, the
parallel bilateral breast shimming and fat suppression
parameters were adjusted. The axial imaging parameters
were as follows: TR/TE = 5.1/2.5 ms, TI = 17 ms, layer
thickness 2.6 mm, level interpolation ZIP2, the block
thickness of scanning 62-66 layers, array 420 x 310,
NEX = 0.75, covering bilateral breast, 1.3 mm recon-
struction, and acquisition time per phase 57 s. The sagittal
imaging parameters were TR/TE = 4.9/24 ms, Tl =7
ms, layer thickness 3.4 mm, the block thickness of scan-
ning 84 layers, array 300 x 192, NEX = 1.0, covering
bilateral breast, 1.7 mm reconstruction, and acquisition
time per phase 57 s. The contrast agent, Gd-DTPA
(Magnevist meglumine) of 0.1 mmol/kg body weight was
intravenously injected with 2.0 ml/s from the dorsal vein of
the hand using a high-pressure syringe. Using multiphase
dynamic enhancement, masks were acquired before the
bolus of the contrast agent; then, the original position of
patients remains unchanged and contrast agent bolus was
applied immediately with the venous injection of the same
volume of normal saline. Approximately 15 s after the start
of the injection of contrast agents, dynamic volume
enhancement was performed and 8-10 phases with no
interval were continuously collected with acquisition time
of 57 s for each phase.

Measurement of tumor size and ADC values

The enhanced MRI scope range is defined by the tumor.
The three orthogonal diameters were measured as tumor
volume before treatment (V1) and tumor volume after one
cycle of chemotherapy (V2). The ADC values were ana-
lyzed by ASSET-DWI, with b values of 0-1,000 s/mm?~.
The value of the initial ADC before chemotherapy (ADC1)
and the tumor ADC value after the first cycle of chemo-
therapy (ADC2) were measured. Changes in ADC values
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in early tumor calculated (AADC = ADC2

— ADCI).

were

Results

Neoadjuvant treatment, clinical response rate,
and surgery

Twenty-one patients received two cycles of NCT, 7
patients with 3 cycles, and 4 patients with 4 cycles. A total
of 79 cycles were administered with the median number of
two cycles per patient (range, 2—4). Delivered relative dose
intensities were 93.7% (74 of 79) for both docetaxel and
epirubicin. The OR was observed in 62.5% (95% CI,
45.7-79.3%) of patients after 2 cycles of NCT. The CR rate
and pCR rate were 15.6 and 9.4%, respectively. The SD
rate was 34.4% (11 patients) and PD was observed in only
one patient (3.1%), occurred after 2 cycles of NCT. Sur-
gery could be performed in all 32 patients. Breast-con-
serving surgery could be performed in 10 patients (31.3%).
Modified radical mastectomy was performed in patients for
whom breast-conserving therapy was not indicated.

Changes in tumor ADC values before and after the first
course of NCT

Tumor ADC values before and after the first course of NCT
are shown in Table 2 and Fig. 1. The ADC values of
CR + PR group significantly increased after chemotherapy
(P < 0.001), suggesting the changes in ADC values may be
associated with chemotherapy response. For the tumors
sensitive to chemotherapy, early ADC value was signifi-
cantly increased. The initial ADC value before chemo-
therapy in the CR + PR group was significantly lower than
that in SD + PD group (P < 0.001), suggesting that
tumors with low initial ADC values may be sensitive to
chemotherapy.

Changes in ADC values and tumor volume
before and after the first course of NCT and their
relationship

The initial ADC values of tumors (ADC1) and the AADC
after the first course of NCT were negatively correlated
(r = —0.55, P = 0.02). The lower the initial ADC values,
the more the tumor ADC values increased after 1 cycle of
chemotherapy. The initial ADC and the changes in tumor
volume after chemotherapy were also found to be negative
correlated (r = —0.58, P = 0.02). The lower the initial
tumor ADC value was the more the tumor decreased in size
after the first course of NCT. Changes in tumor ADC
values after the first course of NCT (AADC) and changes
in tumor volume after the first course of NCT were posi-
tively correlated (r = 0.96, P < 0.001). The larger the
AADC for a tumor, the more significantly tumor volume
decreased after chemotherapy.

Discussion

Recently, the evaluation of NCT reactions in patients with
LABC is gradually becoming a hot topic for research.
Research related to pathology, tumor markers, and genetics
has made some progress [19], but these methods require
repeated biopsy, which is an invasive procedure. Nonin-
vasive evaluation methods include physical examination,
mammography, ultrasound, and MRI. Results of noninva-
sive studies showed that after NCT, the compliance rates of
residual tumors with pathology were 47% by palpation
determination, 49.4% by mammography, and 66.3% by
ultrasound. For the non-reachable tumors of clinical CR
after chemotherapy, evaluation based on any single tradi-
tional method is not accurate. The reason is that the dense
breast tissue on the molybdenum target X-ray film often
blurs the tumor boundary, causing difficulties in judging
the size of the tumor. Post-chemotherapy reactions, such as
fibrosis, often lead to overestimation of tumor size in

Table 2 Changes in tumor ADC values before and after the first course of NCT

Group No. of tumor mass* ADC values®

Before NCT After the first course of NCT P
CR + PR 22 0.98 + 0.16 1.22 + 0.26 <0.001
SD + PD 14 1.13 £ 0.06 1.14 £ 0.06 0.573

ADC apparent diffusion coefficient; NCT neoadjuvant chemotherapy; CR complete response; PR partial response; SD stable disease;

PD progressive disease
* There were four patients with two tumor mass
" Mean + SD
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Fig. 1 Diffusion-weighted magnetic resonance imaging (DW-MRI)
apparent diffusion coefficient (ADC) values in patients with locally
advanced breast cancer (LABC) undergoing neoadjuvant chemother-
apy (NCT). Before NCT, tumor size was 22 x 21 x 28 mm, the type
of time—intensity curve (TIC) was a clearance curve, and ADC value
was 0.92 (a—c); poorly differentiated tumor cells in hematoxylin-eosin
(HE) staining (d); immunohistochemistry (IHC) showed HER-2 (3+)

physical palpation. Recently, MRI assessment of the effi-
cacy of NCT for breast cancer gained attention. It showed
significant advantages, especially for multicenter or mul-
tifocal lesions [20]. The result of Rieber et al. showed that
MRI can qualitatively evaluate tumor response after che-
motherapy, with specificity of 96.3% and negative pre-
dictive value of 89.7%. Based on the study of 41 cases of
reachable breast cancer, the results reported by Yeh et al.
[21] confirmed that using pathology results as the gold
standard, the compliance rates of clinical examination,
mammography, ultrasound, and MRI were 19, 26, 35, and
71%, respectively. MRI was found to have the highest
compliance rate. Unlike traditional breast MRI technology,
new MRI techniques such as DW-MRI and MRS have
provided quantitative measurement methods for the char-
acteristics of breast cancer tissue. These characteristics are
highly correlated to the evaluation of tumor progression
and response to chemotherapy [22]. Since the changes in
tumors at the molecular or cellular level occur before
changes in tumor volume after treatment, the early evalu-
ation of treatment response should not depend on the vol-
ume change. The prediction of tumor response to treatment
using water diffusion changes in early stages has some
clinical significance. Tissue changes can be reflected at the
cellular level. This provides a valuable predictor for clin-
ical evaluation of treatment response or efficacy of early
detection.

Two kinds of water molecules exist with random
motion in biological tissue. The first type includes water
molecules with slow movement and low diffusion that

(e); After the first cycle of NCT, tumor size was 18 x 20 x 27 mm,
the type of TIC was a platform curve, and ADC value was 1.12 (f-h);
after three cycles of NCT, resection of tumor tissue, compared with
the biopsy before NCT (d), can only see some well-differentiated
glands and interstitial proliferation of fibrous tissue (i); HER-2 (2+)
)]

attach to large molecules or are limited to the cell
membrane. The other includes water molecules with high
diffusion, which primarily exist as extracellular water
molecules [23]. Affected by molecular adhesion, cell
membrane permeability, tissue structure orientation, and
other factors, the value of the ADC of biological tissue
can reflect the state of tissue diffusion. As a result, DWI
can noninvasively reflect biological characteristics of tis-
sue through water diffusion characteristics shown by ADC
values. The published results confirmed that water diffu-
sion changes after tissue injury were mainly due to
changes in volume and curvature in extracellular space
[24, 25]. Extracellular space is mainly determined by cell
density. Water diffusion in glioma gradually increased
from dense cells of solid tumors to the loose cells of
necrotic area. The water diffusion coefficient also gradu-
ally increased from active tumor to tumor necrosis after
treatment [26]. Because cytotoxic drugs damage cancer
cells, the cell membrane integrity and permeability are the
first to change. Tumor cell density decreased after the
death of tumor cells, resulting in expanding extracellular
space, thereby increasing water diffusion in the damaged
tumor tissue [25]. Using the ADC values showing chan-
ges in water diffusion, DWI can reflect the tumor sensi-
tivity to the drug in the early stages of drug treatment.
Preliminary findings based on animal experiments and
research on patients with central nervous system tumors
showed that tumor ADC values increased in the early
stages after radiotherapy and chemotherapy [27-29].
In the current study, it was found that pretreatment ADC
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values and their early changes after treatment were related
to changes in tumor volume after treatment.

As an application of DWI in ASSET technology, this
study first analyzed the changes in ADC values, monitoring
the response of breast cancer to NCT. ASSET-DWI can not
only reduce the acquisition time, but also correct the sus-
ceptibility artifacts and reduce the pathological distortion.
According to the results in this study, the initial ADC
values of breast cancer before chemotherapy were nega-
tively correlated to the tumor volume change after treat-
ment. Changes in tumor ADC values before and after the
first cycle of chemotherapy were positively correlated to
changes in tumor volume. These results indicate that initial
ADC values of breast cancer tumors and their early chan-
ges after NCT may be related to the tumor response to
chemotherapy, as tumors with low initial ADC values may
be sensitive to chemotherapy; if the ADC value at early
stage after chemotherapy significantly increases, this tumor
may be sensitive to chemotherapy.

In conclusion, changes in ADC values can provide a basis
for early estimation of the efficacy of chemotherapy. For
tumors sensitive to NCT, an increase in ADC values can
occur after the first cycle of chemotherapy. These changes in
ADC values occur earlier than the change in tumor volume. It
is not necessary to wait for the volume changes in order to
determine the efficacy of chemotherapy. This can act as a
basis for early adjustment of treatment strategies. The ADC
values before chemotherapy can be used as a basis for pro-
spective judging of NCT. Considering the indications for
NCT, if a tumor has high ADC value, its sensitivity to che-
motherapy is lower than a tumor with a low ADC value.
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