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To prospectively compare the performance of dynamic
contrast material-enhanced (DCE) magnetic resonance
(MR) imaging using parametric response map (PRM)
analysis with that using pharmacokinetic parameters
(transfer constant [K"***], rate constant [k, |, and relative
extravascular extracellular space [v ]) in the early predic-
tion of pathologic responses to neoadjuvant chemotherapy
(NAC) in breast cancer patients.

The institutional review board approved this study; in-
formed consent was obtained. Between August 2010
and December 2012, 48 women (mean age, 46.4 years;
range, 29-635 years) with breast cancer were enrolled and
treated with an anthracycline-taxane regimen. DCE MR
imaging was performed before and after the first cycle of
chemotherapy, and the pathologic response was assessed
after surgery. Tumor size and volume, PRM characteris-
tics, and pharmacokinetic parameters (K", k., and v,)
on MR images were assessed and compared according to
the pathologic responses by using the Fisher exact test or
the independent-sample t test.

Six of 48 (12%) patients showed pathologic complete
response (CR) (pCR) and 42 (88%) showed nonpatho-
logic CR (npCR). Thirty-eight (79%) patients showed a
good response (Miller-Payne score of 3, 4, or 5), and 10
(21%) showed a minor response (Miller-Payne score of 1
or 2). The mean proportion of voxels with increased sig-
nal intensity (PRM; ) in the pCR or good response group
was significantly lower than that in the npCR or minor
response group (14.0% = 6.5 vs 40.7% = 27.2, P < .001;
34.3% * 26.4 vs 52.8% = 24.9, P = .041). Area under the
receiver operating characteristic curve for PRM, in the
pCR group was 0.770 (95% confidence interval: 0.626,
0.879), and that for the good response group was 0.716
(95% confidence interval: 0.567, 0.837). No difference in
tumor size, tumor volume, or pharmacokinetic parame-
ters was found between groups.

PRM analysis of DCE MR images may enable the early
identification of the pathologic response to NAC after the
first cycle of chemotherapy, whereas pharmacokinetic pa-
rameters (K", k_, and v ) do not.

Clinical trial registration no. NCT01190566
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eoadjuvant chemotherapy (NAC)
has been increasingly utilized in
the treatment of breast cancer, as
the long-term distant and local-regional
control of cancer provided by NAC have
been reported to be similar to those of-
fered by adjuvant chemotherapy (1,2).
Although approximately 80% of patients
respond to NAC, with 6%-25% of pa-
tients showing a pathologic complete
response (CR) (pCR), 20% of patients
remain resistant to chemotherapy (3,4).
Therefore, predicting the response such
that treatment can be modified in both
responders and nonresponders at an
earlier time is highly important.
Researchers in several studies have
reported that reductions in the transfer
constant (K'"%) or the rate constant (kep)
obtained after two cycles of NAC were
associated with the response to NAC
(5,6) and better survival outcomes (7).
However, the measurement of K" may
be too complicated to use in real clinical
practice as a magnetic resonance (MR)
imaging protocol that uses high tempo-
ral resolution with a trade-off in spatial
resolution and T1 mapping. Indeed, re-
searchers in the recent multi-institutional
American College of Radiology Imaging
Network 6657 trial investigating the ef-
fectiveness of dynamic contrast material—
enhanced (DCE) MR imaging for the pre-
diction of the response to NAC did not
analyze K™ but rather used acquisitions
at three times because of the difficulty
in standardizing imaging protocols from

Advance in Knowledge

B In breast cancer, patients re-
ceiving neoadjuvant chemo-
therapy (NAC), volumetric as-
sessment of signal intensity
changes by using a three-dimen-
sional registration program for
dynamic contrast-enhanced
(DCE) MR imaging prior to
treatment and after the first cycle
of chemotherapy resulted in the
prediction of subsequent patho-
logic complete response (pCR),
with an area under the receiver
operating characteristic curve of
0.770 (95% confidence interval:
0.626, 0.879).

multiple institutions (8). Voxel-based
parametric response map (PRM) analysis
of DCE MR images has been shown to be
accurate for early prediction of the effec-
tiveness of chemotherapy-radiation ther-
apy in brain glioma (9,10), of transarte-
rial chemoembolization in hepatocelluar
carcinoma (11), and of NAC in breast
cancer (12). However, to our knowl-
edge, no reports have addressed PRM
analysis for breast cancer patients after
the first cycle of NAC. We hypothesized
that PRM analysis would be as predic-
tive of the response as pharmacokinetic
parameters, while it is more readily ap-
plicable in real clinical practice. Thus,
the purpose of this study was to pro-
spectively compare the performance of
DCE MR imaging using PRM analysis
with that using pharmacokinetic param-
eters (K", k . and v, ) in the early pre-
diction of pathologic responses to NAC
in breast cancer patients.

Materials and Methods

Siemens Medical Solutions (Erlangen,
Germany) provided the software (MR
Oncotreat and Tissue4D) used in this
study. However, no authors were fund-
ed by Siemens Medical Solutions, and
the authors had complete control of
the data and information submitted for
publication.

Patients and Treatment

This prospective study was conducted
with institutional review board approval
of Seoul National University Hospital
(Seoul, Korea). Written informed con-
sent was obtained from all patients, and
the study was registered in ClinicalTri-
als.gov (registration no. NCT01190566)
prior to patient enrollment. Between
August 2010 and December 2012, 57

Implication for Patient Care

B DCE breast MR imaging with
parametric response map
analysis using pre- and posttreat-
ment image coregistration may
help to identify breast cancer
patients who would show a pCR
to NAC after the first chemo-
therapy session.

patients with stage I or stage Il breast
cancer who received NAC were enrolled.
As defined in a previous study (13), the
eligibility criteria were as follows: (a)
breast cancer was pathologically con-
firmed by means of core needle biopsy;
(b) the patient had initial clinical stage
IT or III breast cancer; (c¢) the lesion was
objectively measurable; (d) the patient
had an Eastern Cooperative Oncology
Group performance score of 0-2; (e) the
patient was previously untreated; and (f)
the patient had adequate bone marrow
and hepatic, cardiac, and renal func-
tion. The patients received six cycles of
neoadjuvant docetaxel (Taxotere; Sanofi
Aventis, Paris, France), 75 mg/m?, with
doxorubicin (Adriamycin PFS; Ildong
Pharmaceutical, Seoul, Korea), 50 mg/
m?, or four cycles of doxorubicin (60 mg/
m?) with cyclophosphamide (Endoxane;
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Abbreviations:

CR = complete response

DCE = dynamic contrast enhanced

ER = estrogen receptor

HER2 = human epidermal growth factor 2

k,, = rate constant

K'ans = transfer constant

NAC = neoadjuvant chemotherapy

npCR = nonpathologic CR

pCR = pathologic CR

PR = progesterone receptor

PRM = parametric response map

PRMj,_ = PRM of proportions of voxels with decreased SI
PRMj,, = PRM of proportions of voxels with increased S|
PRMj,, = PRM of proportions of voxels with unchanged Sl
ROC = receiver operating characteristic

ROI = region of interest

S| = signal intensity

3D = three-dimensional

v, = relative extravascular extracellular space
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Baxter, Deerfield, 1lI), 600 mg/m?, fol-
lowed by four cycles of docetaxel (75
mg/m?). The regimen was administered
by means of intravenous infusion every
3 weeks for each cycle, together with
granulocyte colony-stimulating factor as
the primary prophylaxis; this regimen
was the standard preoperative schedule
in our institution. The patients were eval-
uated clinically before each cycle of che-
motherapy, and the regimen was consid-
ered to be complete when there was no
evidence of progression. At the comple-
tion of chemotherapy, the patients were
reevaluated with regard to their response
and underwent curative surgery.

All patients underwent a DCE MR
imaging examination twice: One exam-
ination was performed within 3 weeks
prior to chemotherapy, and a second ex-
amination was performed 2 weeks after
the first cycle of chemotherapy but prior
to the second cycle of chemotherapy.

MR Imaging Technique and Image
Analysis

All MR examinations were performed
by using a 3.0-T imager (Verio; Sie-
mens Medical Solutions) and a ded-
icated 16-channel breast coil, with
patients in the prone position. The pro-
tocol included the following sequences:
(a) a bilateral transverse fat-suppressed
T2-weighted turbo spin-echo sequence
(repetition time msec/echo time msec,
2500/208; section thickness, 1.5 mm;
intersection gap, none; field of view,
320 mm; and matrix, 320 X 238); (b)
a nonenhanced transverse T1-weighted
three-dimensional (3D) fast low-angle
shot sequence (3.4/1.4; section thick-
ness, 2 mm; intersection gap, none;
field of view, 320 mm; and matrix, 256
X 195) for measurement of the tissue
T1 relaxation rate from the signal in-
tensity (SI) of three images with 2°, 8°,
and 15° flip angles; and (¢) a dynamic
transverse T1-weighted 3D fast low-an-
gle shot sequence (3.4/1.4; flip angle,
20°; section thickness, 2 mm; intersec-
tion gap, none; field of view, 320 mm;
matrix, 256 X 195; temporal resolu-
tion, 10 seconds; and acquisition time,
7 minutes 30 seconds) with a total of
three phases of nonenhanced and 42
phases of contrast material-enhanced

images. Gadobutrol (Gadovist; Bayer
Schering Pharma, Berlin, Germany)
was injected into the antecubital vein
by using an automated injector (Spec-
tris MR; Medrad Europe, Maastricht,
the Netherlands) at a dose of 0.1 mmol
per kilogram of body weight and at a
rate of 3 mL/sec, followed by a 20-mL
saline flush for all patients.

For evaluation of the overall extent of
the lesion, a delayed sagittal T1-weight-
ed 3D fast low-angle shot sequence
(4.9/1.9; flip angle, 10°; section thick-
ness, 1.5 mm; intersection gap, none;
field of view, 240 mm; and matrix, 512
X 287) was performed following acqui-
sition of the dynamic image.

The tumor size was measured as the
greatest extent of the enhancing lesion
on early transverse contrast-enhanced
MR images. The section and direction
for tumor size measurement were re-
corded, and the same section and direc-
tion were used for the images obtained
after chemotherapy. For tumor volume
and PRM analysis, Digital Imaging and
Communications in Medicine files for
the DCE MR images were transferred
to computer software (MROncoTreat;
Siemens Medical Solutions) for 3D in-
tra- and interstudy registration and
semiautomatic 3D segmentation. Images
of the early contrast enhancement (90
seconds after the beginning of the con-
trast agent injection) phase were chosen
for the analysis, as the guidelines for
optimal clinical breast MR imaging rec-
ommend an early phase of less than 2
minutes (14). Nonlinear automatic reg-
istration was performed to correct for
motion on the nonenhanced, early en-
hancement, and delayed enhancement
(7 minutes after the beginning of the
contrast agent injection) T1-weighted
images for each image obtained prior
to treatment and after the first cycle
of chemotherapy. All MR images were
aligned by using the early phase images
as reference. The quality of registration
could be evaluated with the toggle view,
blended volume visualization, or check-
erboard view tools, which allowed visual
comparison between pre- and postreg-
istration images, in the software. When
misregistration was found, it was pos-
sible to manually adjust the pre- and

postregistration images relative to each
other. We performed manual adjust-
ment in three of 48 women. No cases
were excluded because of misregistra-
tion. For tumor margin segmentation,
regions of interest (ROIs) were manually
drawn and modified by using an inter-
active segmentation technique (15); two
radiologists in consensus (W.K.M. and
N.C., with 15 and 10 years of experi-
ence in interpreting breast MR images,
respectively) performed this task. The
ROIs were made as large as possible to
include the entire tumor and to exclude
normal breast parenchyma or fat tissue
at each cross-sectional plane. The size
of each ROI ranged from 0.2 cm to the
maximal tumor dimension (mean, 5.0
cm; range, 1.5-11.5 c¢m) at each plane.
The tumor volume was calculated by
summing voxels with an SI enhancement
of more than 50%; this threshold for
comparison between nonenhanced and
early contrast-enhanced images was es-
tablished in another study in the NAC
setting (16). The percentage of enhance-
ment, or F, was defined in an equation,
as follows: = [(SI_ —SI )/SI 1-100,
where SI_ is early contrast-enhanced SI
and SI is nonenhanced SI.

For PRM analysis, the software cal-
culated the interval change of SI that was
based on a voxel-to-voxel comparison
between SI measurements at baseline,
SI, ., and after the first cycle of chemo-
therapy, SI thus: (SI - SL )/

postlst’ postlst base

SI,... - 100. The PRMs of proportions of
voxels with increased SI (PRMy, ), de-
creased SI (PRMy_), or unchanged SI
(PRMy,,) within a tumor were analyzed,
and a threshold of 10% enhancement
was applied. For multiple lesions, the
sum of the values for the five largest le-
sions in each patient was calculated.
For pharmacokinetic analysis, the
Digital Imaging and Communications
in Medicine files from DCE MR im-
aging were transferred to computer
software (Tissue4D; Siemens Medical
Solutions). The enhancement kinetics
were analyzed on the basis of the two-
compartmental pharmacokinetic model
described by Tofts (17) and Tofts et al
(18). The concentration of the tissue
contrast agent as a function of time,
C, (t), was calculated according to the
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following equation: C (t) = (1/T1(t)-1/
T1,)/r1. Here, T1 (t) represents the tis-
sue T1 relaxation rate at time t following
the administration of the contrast agent,
T1, represents the tissue T1 relaxation
rate prior to contrast agent adminis-
tration, and rl represents the longitu-
dinal relaxivity of the contrast agent,
which is taken to be 5.0 (L - mmol™)/
sec for gadobutrol (19). To accurately
convert the change in SI to the concen-
tration of the contrast agent in the tis-
sue, C, (t), the nonenhanced tissue T1
relaxation rates were obtained from the
Sls of three images that were acquired
with flip angles of 2°, 8°, and 15° by
using the variable flip angle method
(20). The tissue contrast as a function
of time, C, (t), depends on the arterial
blood plasma concentration, C (), and
the arterial input function. Mathemati-
cal simulation-based fast-mode arterial
input function in the computer software
(Tissue4D; Siemens Medical Solutions)
was used (21). An equation was calcu-
lated thus: dC/dt = K™(C — C/v,) =
K €O =k, C.

The transfer constant (K", the
constant for the transfer of the contrast
agent from the plasma compartment
into the extracellular extravascular
space, in per minute), the extracellu-
lar extravascular space per unit volume
of tissue (v, values ranging from zero
to one), and the rate constant (k.
the rate constant of the escape of the
contrast agent from the extracellular
extravascular space into the plasma
compartment, as K"/v , in per mi-
nute) were derived from the time-con-
centration curve by using a nonlinear
Levenberg-Marquardt  least-squares—
fitting algorithm. For measurement of
the perfusion parameter of the tumor,
ROIs were manually drawn in each sec-
tion of the tumor in the largest dimen-
sion to cover the whole volume of the
tumor. The enhancement kinetics from
each pixel were measured throughout
the time course of data acquisition
and fitted with the pharmacokinetic
model. The Ktans, kw, and v, values of
the whole tumor were calculated and
displayed in 256-color mapping images,
and the mean and median values were
generated for each parameter.

Histopathologic Assessment and
Response to Chemotherapy

After surgery, the pretreatment core
biopsy and surgical specimens were
evaluated with regard to their chemo-
therapy response. The pCR was defined
as the absence of invasive tumor cells
(ductal carcinoma in situ may have
been present). The residual tumor size
was measured with regard to invasive
and in situ carcinoma components. The
Miller-Payne system was also used to
assess the tumor response on the ba-
sis of the reduction of tumor cellularity
(22,23). A good pathologic response
was defined as a decrease of at least
30% in the number of tumor cells rel-
ative to the pretreatment core biopsy
(ie, with Miller-Payne grades of 3, 4,
or 5) (23). A minor response was de-
fined as a decrease of less than 30% in
the number of tumor cells (ie, Miller-
Payne grades of 1 or 2) (23). A pCR
was defined as a tumor response with
a grade of 5. The expression of the
estrogen receptor (ER), progesterone
receptor (PR), and human epidermal
growth factor receptor 2 (HER2) was
evaluated. A cutoff value of 10% was
used to define positivity for the ER and
PR at a magnification of X10. HERZ ex-
pression was initially scored as 0, 1+,
2+, or 3+ by using immunohistochemi-
cal staining. Tumors with a score of 3+
were classified as HERZ positive, and
tumors with a score of 0 or 1+ were
classified as negative. In tumors with a
score of 2+, gene amplification by using
fluorescence in situ hybridization was
used to determine the HERZ status.
HER2 expression was considered pos-
itive if the ratio of HERZ2 gene copies
to chromosome 17 signals was greater
than 2.2 (24). The immunohistochem-
ical subtype of the tumor was classi-
fied as hormone receptor positive (ER
positive or PR positive), triple negative
(hormone receptor negative and HERZ2
negative), or HER2 positive (HER2 pos-
itive and hormone receptor negative).

Statistical Analysis

Sample size was calculated a priori for
the primary outcome measurement of
PRM of proportions of voxels with in-
creased SI by using the power analysis

program (23). Assuming the propor-
tion of pCR was 20% and to detect a
minimal PRM, difference of 20% with
a standard deviation of 20% between
pCR and nonpathologic CR (npCR)
groups, a total of 52 patients (10 pa-
tients with pCR and 42 patients with
npCR) were needed to achieve 80%
power at a two-sided 5% significance
level. Therefore, in the consideration of
potential dropouts, we recruited a total
of 57 patients.

Clinicopathologic variables and im-
aging variables were compared among
the pCR, npCR, the good response,
and the minor response groups, by
using the Fisher exact test (age at di-
agnosis; clinical stage; expression of
ER, PR, HERZ, and Ki-67; immuno-
histochemical subtype; chemotherapy
regimen; and type of surgery) and
the independent-sample t test (tumor
size, tumor volume, PRMSI+, PRMSH
PRMSIO, Ktrans k.«,p’ and v ). We also
assessed statistical power by means
of post hoc power analysis. In addi-
tion, we evaluated the association
between pathologic response and sig-
nificant parameters stratified accord-
ing to immunohistochemical subtype.
Statistical analysis was not applicable
for the hormone receptor-positive or
HER2-positive subgroups, as only one
patient achieved pCR in each of these
subgroups.

To evaluate the contribution of a pa-
rameter to the prediction of a pCR or
a good response, the area under the
receiver operating characteristic (ROC)
curve was analyzed. Because the PRM-
g was inversely correlated with the
PRM,, we included only the PRM,
data in the ROC analysis. To suggest
optimal criteria for prediction, the best
cutoff value to achieve the maximal sum
of the sensitivity (proportion of patho-
logic responders correctly classified as
responders) and specificity (propor-
tion of pathologic nonresponders cor-
rectly classified as nonresponders) was
determined. The leave-one-out cross-
validation analysis was performed to
confirm validity of the best cutoff points
of significant MR imaging parameters.
All statistical analyses were performed
by using software (SPSS, version 19.0,
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Table 1

Association between Clinicopathologic Characteristics and Pathologic Response

pCR Group npCR Group Good Response Group Minor Response Group
Variable (n=6) (n=42) P Value (n=238) (n=10) P Value

Age at diagnosis .609 >.99
=40y 2(18) 9(82) 9(82) 2(18)
>40y 4(11) 33(89) 29 (78) 8 (22)

Clinical stage .591 >.99
I 2 (20) 8(80) 8 (80) 2 (20)
1l 4(11) 34 (89) 30 (79) 8 (21)

ER .073 .081
Negative 5(24) 16 (76) 14 (67) 7(33)
Positive 1(4) 26 (96) 24 (89) 3(11)

PR >.99 >.99
Negative 5(14) 31(86) 28 (78) 8(22)
Positive 1(8) 11(92) 10 (83) 2(17)

HER2 >.99 .675
Negative 5(14) 32 (86) 30 (81) 7019
Positive 109 10 (91) 8(73) 3(27)

Ki-67 179 >.99
=14% 2(7) 28 (93) 24 (80) 6 (20)
>14% 4(22) 14 (78) 14 (78) 4(22)

Immunohistochemical subtype .073 128
Hormone receptor positive 1(4) 26 (96) 24 (89) 3(11)
Triple negative 4(29) 10 (71) 10 (71) 4(29)
HER2 positive 1(14) 6 (86) 4 (57) 3(43)

Chemotherapy regimen .656
Docetaxel-doxorubicin therapy 4(11) 31(89) 26 (74) 9 (26) .248
Doxorubicin-cyclophosphamide 2(15) 11(85) 12 (92) 1(8)

plus docetaxel therapy

Type of surgery .651 >.99
Breast conserving 3(10) 28 (90) 24.(77) 7 (23)
Total mastectomy 3(18) 14 (82) 14 (82) 3(19)

Note.—Data are numbers of patients. Numbers in parentheses are percentages. Percentages were rounded.

SPSS, Chicago, Ill; SAS, version 9.2, SAS
Institute, Cary, NC; MedCalc, version
10.3.0, MedCalc Software, Mariakerke,
Belgium; and G*Power, version 3.0.10,
http://www.gpower.hhu.de/ [25]). A
difference with P < .05 was defined as
significant.

Patients and Response

Of the 57 patients enrolled, nine pa-
tients were excluded because of with-
drawal of consent (n = 3), an inconsis-
tent MR protocol (n = 4), or withdrawal
from surgery (n = 2). Thus, 48 patients
(mean age, 46.4 years; range, 29-65

years) with invasive breast cancer (mean
size, 5.0 cm; range, 1.5-11.5 ¢cm) com-
prised our study group (Table 1).
Most of these patients had invasive duc-
tal carcinomas that were not otherwise
specified (96%, 46 of 48) and a clinical
stage of II (21%, 10 of 48) or I (79%,
38 of 48). The median interval between
baseline MR examination and initiation
of NAC was 5 days (range, 1-19 days),
and the median interval between baseline
and the second MR examination was 21
days (range, 13-36 days). The median
number of cycles of chemotherapy was
six (range, 4-8). Two patients exhibited
clinical progression during chemother-
apy and underwent mastectomy after the
fourth round of NAC (Fig 1).

Of the 48 patients evaluated, six pa-
tients (12%) achieved pCR (Miller-Payne
grade of 5) and 42 (88%) showed npCR
(Fig 2). On the basis of the Miller-Payne
system, 38 patients (79%) showed a
good response, with a grade of 3, 4, or
5, and the remaining 10 patients (21%)
demonstrated a minor response, with a
grade of 1 or 2.

With regard to clinicopathologic
characteristics, no differences were
observed between the pCR and npCR
groups or the responders and nonre-
sponders in terms of age; clinical tumor
stage; expression of ER, PR, HER2, or
Ki-67; immunohistochemical subtype;
chemotherapy regimen; or type of
surgery (Table 1). The triple-negative
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Figure 1

Figure 1:

Enhancement Analysis

LR difference

.

Invasive ductal carcinoma (ER, PR, and HER2 negative) in a 44-year-old woman in the npCR group after NAC. (a) Left: PRM of baseline MR image.

Middle: Contrast-enhanced T1-weighted MR image after the first cycle of chemotherapy. Image shows color-coded ROI (arrow) superimposed on a 5.5-cm enhancing
mass. Orange line = margin of the tumor on the baseline MR image, green line = margin of the tumor after the first cycle of chemotherapy. Right: Screenshot of

enhancement analysis work flow controls. (b) Scatterplot shows SI changes of voxels within the ROl before and after the first cycle of chemotherapy. Voxels with de-
creased, unchanged or increased Sl at a 10% threshold for the entire tumor volume are displayed as red, green, or blue dots, respectively. In this patient, the propor-
tion of voxels with increased Sl was 65.42%, the proportion of unchanged voxels was 2.38%, and the proportion of voxels with decreased Sl was 32.2%. (c) Baseline
K" map shows a mass with a mean K@ of 0.217 min—". The color bar indicates color codings of K@ valugs within the map. (d) K@ map after the first cycle of
chemotherapy shows a mass with a mean K" of 0.237 min~". As the software program (Tissue4D; Siemens Medical Solutions) does not provide two-dimensional
registration between baseline and posttreatment images, the measurement of K@ s slightly misregistered. (e) K™ map after the fourth cycle of chemotherapy
shows that the mass (arrow) increased in size from 5.5 ¢cm to 6.4 ¢cm. The patient underwent surgery without completion of chemotherapy, and surgical histopatho-

logic examination revealed a 7.0-cm invasive ductal carcinoma.

subtype tended to exhibit a higher
rate of pCR (29%, four of 14) than the
hormone receptor—positive (4%, one
of 27) or HER2-positive (14%, one of
seven) subtypes, but this difference
was not significant (P = .073) (Table 1).
Statistical power for the proportions of
pPCR between the triple-negative sub-
type versus the hormone receptor—pos-
itive or HERZ2-positive subtype by using

post hoc power analysis was 46.2% at
a two-sided 5% significance level (25).

Predictors of the Response after the First
Cycle of NAC

Following the first cycle of chemother-
apy, the mean tumor size had decreased
in 10.4% = 12.2 (standard deviation)
of patients, and the mean tumor vol-
ume had decreased in 17.2% * 35.0

of patients. There was no difference
between the pCR and npCR groups or
the good response and minor response
groups at baseline or after the first cy-
cle of chemotherapy with regard to the
percentage change in mean tumor size,
tumor volume, Ktans, kep, orv, (Table 2).
However, the mean PRM, of the pCR
group was significantly lower than that of
the npCR group (14.0% = 6.5 vs 40.7%
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Figure 2

Figure 2:
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Invasive ductal carcinoma (ER, PR, and HER2 negative) in a 38-year-old woman in the pCR group after NAC. (a) Left: PRM of baseline image. Middle:

Contrast-enhanced T1-weighted MR image after the first cycle of chemotherapy. Image shows color-coded ROl superimposed on a 3.6-cm enhancing mass. Orange
line = margin of the tumor on the baseline MR image, green line = margin of the tumor after the first cycle of chemotherapy. Right: Screenshot of enhancement
analysis work flow controls. (b) Scatterplot shows Sl changes of voxels within the ROI before and after the first cycle of chemotherapy. Voxels with decreased,
unchanged, or increased Sl at a 10% threshold for the entire tumor volume are displayed as red, green, or blue dots, respectively. In this patient, the proportion of
voxels with increased Sl was 12.02%, the proportion of unchanged voxels was 1.41%, and the proportion of voxels with increased SI was 86.57%. (c) Baseline Kt
map shows a mass with a mean K@ of 0.329 min~". The color bar indicates color codings of K" values within the map. (d) K@ map after the first cycle of
chemotherapy shows a mass with a mean K™ of 0.309 min~". (e) K@ map after the sixth cycle of chemotherapy shows that the mass had disappeared (arrow).
The patient underwent surgery, and surgical histopathologic examination revealed no residual carcinoma.

+ 27.2, P < .001) (Table 2) (Fig 3).
In addition, the mean PRM, of the
good response group was lower than
that of the minor response group
(34.3% = 26.4 vs 52.8% * 24.9, P =
.041). With regard to the immunohisto-
chemical subtype, the mean PRM, of
the pCR group (n = 4) was significantly
lower than that of the npCR group (n
= 10) for patients with the triple-neg-
ative subtype (13.8% = 6.5 vs 49.6%

+ 29.2, P =.004) (Table 3). The area
under the ROC curve for PRM, in the
prediction of pCR was 0.770 (95% con-
fidence interval: 0.626, 0.879), with a
best PRMg, cutoff value of 20.8% that
yielded 100% (six of six pCR) sensitiv-
ity and 71% (30 of 42 npCR) specific-
ity (Fig 4a). The area under the ROC
curve for PRM, in the prediction of a
good response was 0.716 (95% confi-
dence interval: 0.567, 0.837), with a

best PRM,,, cutoff value of 28.6% that
yielded 55% (21 of 38 good responses)
sensitivity and 90% (nine of 10 minor
responses) specificity (Fig 4b). The
best cutoff determined with the leave-
one-out cross validation was 20.8%, the
same with the best cutoff point deter-
mined with maximal sum of the sensi-
tivity and specificity values according to
ROC analysis in the prediction of pCR
and npCR groups. However, the cutoff
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Figure 3:  Box and whisker plot of the PRM,_ after
the first cycle of chemotherapy in the npCR and pCR
groups. Top of each box = 25th percentile of the Sl
values, bottom of each box = 75th percentile of the
Sl values, horizontal line inside each box = median
value. The mean PRM of the proportion of voxels
with increased Sl of the npCR group was signifi-
cantly higher than that of the pCR group (40.7% =
27.2vs 14.0% = 6.5, P < .001).

PRM,, (%)

by using the leave-one-out cross valida-
tion in the prediction of good response
and minor response groups was 40.5%,
which was different from the best cutoff
of 28.6% determined by using the max-
imal sum of the sensitivity and specific-
ity values.

Our data showed that the results of vol-
umetric voxel-based analysis of changes
in SI after the first cycle of NAC are
associated with subsequent pathologic
response after surgery.

Our results are consistent with data
in reports in which Gélban et al (9,10)
found that a large number of voxels
with increased relative cerebral blood
volume in the PRM and decreased rela-
tive cerebral blood volume in the PRM
within the tumor volume of high-grade
glioma was highly predictive of poor
survival, whereas standard ROI analysis

relying on the mean value of the whole
tumor did not effectively help predict
survival. In contrast to the studies of
Gélban et al (9,10), we compared the
PRM findings using the SI change and
the mean value of the conventional
ROI measurements of K", k_, and v,
within the tumor. Although the Transla-
tional Research Working Group of the
National Cancer Institute recommends
the use of K", k_, and v_for clinical
trials (26), this is a labor-intensive tech-
nique. Given the correlation between
PRM findings obtained according to SI
changes and the pathologic response
observed in our study, it is likely that
PRM analysis is sufficiently sensitive
to help detect the early microvascular
changes produced by NAC. The higher
PRM,,, found in the npCR group can
probably be explained by the inability of
the therapy to interrupt tumor vascula-
ture, thus leading to tumor growth. Ac-
cording to our findings (which will need
confirmation from a prospective larger
study), when patients with breast can-
cer manifest a PRM,_lower than 20.8%
after the first cycle of chemotherapy,
the NAC regimen can be completed
with confidence (100% [six of six pCR]
sensitivity). In contrast, when patients
manifest a PRV, higher than 28.6%,
we expect that these patients will not
respond to NAC (90% [nine of 10 mi-
nor responses| specificity) and can
therefore be directed to alternative
therapy, thereby avoiding the toxicity of
ineffective chemotherapy.

Our finding of the lack of significant
differences in tumor volume change or
pharmacokinetic parameters between
the pCR and npCR groups contrasts
with findings from recent studies. For
example, American College of Radiol-
ogy Imaging Network 6657 reported
that tumor volume changes after the
first cycle of chemotherapy were more
effective for the prediction of pCR than
tumor diameter, signal enhancement
ratio, or clinical size (8). Our inability to
observe a significant difference may be
related to the relatively small number
of patients in our study. A recent sys-
tematic review (27) of the accuracy of
breast MR imaging suggested that K
demonstrated the highest sensitivity

and specificity in the early prediction
of pathologic response. It is likely that
the timing of the sequential MR exam-
ination contributed to the discrepancy
in these results. Ah-See et al (5) per-
formed MR examinations following the
second cycle of chemotherapy, whereas
we performed the MR examination
following the first cycle of chemotherapy
when the tumors showed less of a size
reduction and K" or k  did not dem-
onstrate predictive power. Moreover,
researchers in an earlier study (28)
also reported the lack of a significant
difference in K" between responders
and nonresponders after the first cycle
of chemotherapy at a median of 21 days
(range, 16-22 days) after the first cycle,
which is similar to our median inter-
val of 21 days (range, 13-36 days). In
addition, the K™ or kop in our study
ranged from 0.2-0.5, with a standard
deviation of 0.1-0.3, and 0.8-1.2, with
a standard deviation of 0.2-0.5, re-
spectively, which were within similar
parameter ranges reported in previous
studies (6,29).

With regard to immunohistochem-
ical subtype, investigators in a recent
study suggested that pCR was more
predictive of recurrence-free survival
when the subtype was considered
(30). In hormone receptor-positive
tumors, pCR after chemotherapy
demonstrated no substantial prognos-
tic value, as the pCR rate was low and
residual disease should be expected
(31). In our study, pCR was observed
slightly more frequently (29%, four
of 14) for the triple-negative subtype
than the hormone receptor—positive
(4%, one of 27) or HERZ-positive
(14%, one of seven) subtypes but
significance was not achieved, possi-
bly because of small sample size (P =
.073). In addition, an association be-
tween PRM findings and pCR was also
found for the triple-negative subtype.
Thus, in future studies of imaging bio-
markers in breast cancer patients in
the NAC setting, the molecular sub-
type should be considered.

The strengths of our study include
its prospective design, use of a consis-
tent MR imaging protocol, consistent
timing of imaging to evaluate early

394

radiology.rsna.org = Radiology: \olume 272: Number 2—August 2014



Radiology

BREAST IMAGING: Early Prediction of Response to Neoadjuvant Chemotherapy

Cho et al

Table 3

Association between PRM and Pathologic Response According to Subtype

pCR Group npCR Group Good Response Group Minor Response Group
Variable (n=06) (n=42) P Value (n=38) (n=10) P Value
Triple negative
PRM,,, 3.8 = 6.5¢ 49.6 + 29.21 .004 29.7 + 28.41 63.4 = 18.1* .051
PRM,_ 835 * 8.1* 47.3 = 29.9 .005 67.5 + 28.9 331 £19.2* .051
PRM,, 27 1.7 31 +15t .705 2.8 = 16" 35+ 15" 429
Hormone receptor positive
PRM,,, 8.0 37.9 = 26.6% NA 35.6 = 25.4! 46.6 = 40.8" 511
PRM, 89.9* 59.4 + 27.28 NA 61.6 = 26.1" 51.6 = 41.8* .561
PRM,, 2.2¢ 27 +158 NA 28 14! 1.8 = 1.5 .264
HER2 positive
PRM,,, 20.8% 37.9 + 28.2* NA 28.4 + 33.0* 44.9 = 15.9* .468
PRM,_ 76.3* 58.8 + 28.5** NA 69.2 + 32.8* 50.7 = 15.9* A7
PRM 2.9¢ 33 = 1.4% NA 24 =11 44 = 0.1% .032

Sio

Note.—NA = not applicable.

* Data are means + standard deviations, with n= 4.

1 Data are means + standard deviations, with n = 10.
* Data are PRM values of the case, with n=1.

§ Data are means = standard deviations, with 1= 26.
I Data are means = standard deviations, with n = 24.
# Data are means + standard deviations, with n= 3.

** Data are means = standard deviations, with n=6

Pathologic Complete Response
100 [

-y [-1] (-]
o o o
T T T

Sensitivity (%)

[2*]
o
T

0 20 40 60 80 100
100-Specificity (%)
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Figure 4:  ROC curves for the PRM,,,
(b) good response in 48 patients with breast cancer.

predictability, consistent chemother-
apy regimen, PRM and pharmacoki-
netic analyses obtained for the same
population, and the practical applica-
bility of the results.

However, our study had some limita-
tions. First, the a priori determination

Good Response

100 [

80 -
=
> 60
2
@ 40}
Q
7]

20 -

o 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
100-Specificity (%)

b.

after the first cycle of chemotherapy in the prediction of (a) pCR or

of the appropriate patient number for
sample size was 52; however, because
of the higher than expected number
of dropouts, our study only had a fi-
nal study population of 48. Second,
as PRM analysis requires similar im-
ages before and after chemotherapy

for intra- and interstudy registration,
we used nonlinear semiautomatic soft-
ware for registration and could not
evaluate the accuracy of registration.
Because of tumoral heterogeneity,
particularly after the first cycle of che-
motherapy, small changes of a shift of
1 to 3 pixels might have affected the
results. Third, we did not evaluate the
reproducibility of DCE MR imaging
with PRM analysis. However, high re-
producibility of the software used for
tumor segmentation in DCE MR imag-
ing was reported in a previous study
(32). Last, the cutoff values for MR
imaging parameters determined for
our population may have led to over-
estimation of our results. Therefore, a
large study with a validation cohort is
warranted for future research.

In conclusion, PRM analysis of SI
changes on DCE MR images may pro-
vide early identification of pathologic
responsiveness to NAC and may be
used as a biomarker of tumor response
in patients with breast cancers who are
undergoing NAC.
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