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Results:

Conclusion:
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To evaluate volumetric magnetic resonance (MR) imaging
for predicting recurrence-free survival (RFS) after neo-
adjuvant chemotherapy (NACT) of breast cancer and to
consider its predictive performance relative to pathologic
complete response (PCR).

This HIPAA-compliant prospective multicenter study was
approved by institutional review boards with written in-
formed consent. Women with breast tumors 3 cm or
larger scheduled for NACT underwent dynamic contrast-
enhanced MR imaging before treatment (examination 1),
after one cycle (examination 2), midtherapy (examination
3), and before surgery (examination 4). Functional tumor
volume (FTV), computed from MR images by using en-
hancement thresholds, and change from baseline (AFTV)
were measured after one cycle and before surgery. Associ-
ation of RFS with FTV was assessed by Cox regression and
compared with association of RFS with PCR and residual
cancer burden (RCB), while controlling for age, race, and
hormone receptor (HR)/ human epidermal growth factor
receptor type 2 (HER2) status. Predictive performance of
models was evaluated by C statistics.

Female patients (n = 162) with FTV and RFS were in-
cluded. At univariate analysis, FTV,, FTV,, and AFTV, had
significant association with RFS, as did HR/HER2 status
and RCB class. PCR approached significance at univariate
analysis and was not significant at multivariate analysis. At
univariate analysis, FTV, and RCB class had the strongest
predictive performance (C statistic = 0.67; 95% confidence
interval [CI]: 0.58, 0.76), greater than for FTV, (0.64;
95% CI: 0.53, 0.74) and PCR (0.57; 95% CI: 0.39, 0.74).
At multivariate analysis, a model with FTV,, AFTVZ, RCB
class, HR/HER2 status, age, and race had the highest C
statistic (0.72; 95% CI: 0.60, 0.84).

Breast tumor FTV measured by MR imaging is a strong
predictor of RFS, even in the presence of PCR and RCB
class. Models combining MR imaging, histopathology, and
breast cancer subtype demonstrated the strongest predic-
tive performance in this study.

©RSNA, 2015

Online supplemental material is available for this article.
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reast cancer is increasingly un-
derstood to be a heterogeneous
disease that requires tailored
treatment strategies. The develop-
ment of targeted therapies relies on

Advances in Knowledge

B Functional tumor volume (FTV) mea-
sured by MR imaging predicts recur-
rence-free survival (RFS) for patients
who receive neoadjuvant chemo-
therapy for breast cancer.

B FTV is a stronger predictor of RFS
than pathologic complete response
(PCR); in this study, univariate C sta-
tistics for FTV measured before sur-
gery (FTV,) and PCR were 0.64 (95%
confidence interval [CI]: 0.53, 0.74)
and 0.57 (95% CI: 0.39, 0.74),
respectively.

B FTV predicts RES as early as after one
cycle of standard anthracycline-based
chemotherapy; in this study, FTV
measured after one cycle (FTV,) and
FTV, had comparable univariate C
statistic (0.67 [95% CI: 0.58, 0.76]
and 0.64 [95% CI: 0.53, 0.74], re-
spectively) and comparable multivar-
iate C statistic in models that com-
bined FTV and PCR (0.69 [95% CI:
0.57, 0.81] and 0.69 [95% CI: 0.56,
0.81], respectively).

B Predictive performance is highest when
MR imaging is combined with histo-
pathologic analysis, with both vari-
ables contributing independently; the
highest C statistic in this study
resulted from the multivariate model
that included FTV,, residual cancer
burden (RCB) class, and tumor sub-
type defined by hormone receptor
(HR) and human epidermal growth
factor receptor type 2 (HER2) status
(0.72 [95% CI: 0.60, 0.84]).

B FTV predictive performance differs
among breast cancer subtypes defined
by HR and HERZ2 status: exploratory
Kaplan-Meier analyses found significant
survival differences in the HR-positive/
HER2-negative and HER2-positive sub-
types by using groups dichotomized by
FTV, (P < .001 and P = .01, respec-
tively) but not in the HR-negative/
HER2-negative (triple-negative) subtype
(P = .22); however, significant survival
differences were found in the triple-
negative subtype by using groups di-
chotomized by FTV, (P =.006), but not
in the HR-positive/HER2-negative and
HER2-positive subtypes (P = .64 and P
= .25, respectively).

the availability of biomarkers that can
be used to assess the effectiveness
of promising agents as early and ac-
curately as possible. Imaging has the
potential to provide in vivo biomarkers
of response that can facilitate the de-
velopment of new therapeutics. In the
area of breast cancer, new treatments
are being evaluated in the neoadjuvant
setting more frequently when the pri-
mary tumor is intact and its response
to treatment can be monitored. Mag-
netic resonance (MR) imaging is par-
ticularly effective for demonstrating
extent of disease in the breast and
is used in the neoadjuvant setting to
measure the primary tumor response
to treatment. MR imaging showed
greater accuracy for prediction of re-
sidual disease after neoadjuvant che-
motherapy than clinical examination or
conventional imaging (1-13).
American College of Radiology Im-
aging Network (ACRIN) trial 6657 was
a multicenter study of contrast mate-
rial-enhanced MR imaging to assess
breast tumor response to neoadjuvant
chemotherapy, and the imaging com-
ponent of the I-SPY TRIAL (Investiga-
tion of Serial Studies to Predict Your
Therapeutic Response with Imaging
and Molecular Analysis) (14). ACRIN
6657 was conducted to evaluate MR
imaging for measuring response of

Implications for Patient Care

B Breast MR imaging provides
prognostic information about
tumor response as early as after
one cycle of chemotherapy that
can potentially be used to guide
treatment.

B Breast MR imaging used in com-
bination with the histopathologic
variables PCR or RCB may
improve the effectiveness of in-
termediate end points for assess-
ment of drug efficacy in neoadju-
vant clinical trials.

® MR imaging helps to show differ-
ences in treatment response
among breast cancer subtypes
that may lead to tailored imaging
approaches with improved pre-
dictive performance.

primary breast cancer to chemother-
apy and to assess the benefit of MR
imaging for predicting recurrence-free
survival (RFS). A previous analysis
(15) showed that MR imaging was
more strongly associated with patho-
logic response after neoadjuvant che-
motherapy than clinical examination,
with the greatest advantage measured
early in treatment by using a volumet-
ric measurement of tumor response.
The purpose of this study was to evalu-
ate volumetric MR imaging for predict-
ing RFS after neoadjuvant chemother-
apy of breast cancer and to consider
its predictive performance relative to
pathologic complete response (PCR).
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Materials and Methods

Study Design and Patient Enrollment

Women with breast tumors that mea-
sured 3 cm or greater by clinical ex-
amination or imaging and who were
scheduled to receive anthracycline-
based neoadjuvant chemotherapy were
eligible to enroll in Cancer and Leuke-
mia Group B study 150007 and ACRIN
6657. Both protocols were approved
by institutional review boards, and
patients signed a single consent form.
MR examinations were performed
within 4 weeks before administration
of anthracycline-cyclophosphamide
chemotherapy (examination 1), at
least 2 weeks after the first cycle of
anthracycline-cyclophosphamide  and
before the second cycle of anthracy-
cline-cyclophosphamide (examination
2), after all anthracycline-cyclophos-
phamide and before taxane if taxane
was administered (examination 3), and
after completion of chemotherapy and
before surgery (examination 4). Mam-
mography was performed at baseline
and presurgical time points only, but
it was not considered in this analysis.
Core biopsies were performed at base-
line and between 24 and 96 hours af-
ter starting treatment as part of the
Cancer and Leukemia Group B 150007
protocol.

MR Imaging Protocol

MR imaging was performed by using a
1.5-T field-strength MR imaging system
and a dedicated four- or eight-channel
breast radiofrequency coil. Patients
were placed on the MR imaging table
in the prone position with an intrave-
nous catheter inserted in the antecu-
bital vein or hand. The image acqui-
sition protocol included a localization
sequence and T2-weighted sequence
followed by a contrast-enhanced T1-
weighted series. All imaging was per-
formed unilaterally over the symptom-
atic breast in the sagittal orientation.
The contrast-enhanced series
sisted of a high-resolution (=1 mm in-
plane spatial resolution), three-dimen-
sional, fat-suppressed, T1-weighted
gradient-echo  sequence (repetition

con-

Accrued
n= 237
Ineligible
n=7
Y
Eligible
n= 230

A

Cases with
non-measureable
Pre-Surgery Volume (FTV)
n= 52

n=178

Cases with Complete
Pre-Surgery Volume (FTVy)

Trastuzumab Use
< (n=16)

Analysis Set
n=162
RFS
Event n=42
No Eventn=120
Volume
(measureable)
y y y y
Baseline: Early Between
Pre-Treatment Treatment Regimens Pre-Surgery
(FTV1) (FTVz) (FTV3) (FTV4)
n=141 n= 143 n= 140 n= 162
Figure 1:  Study flowchart shows MR imaging data used in the analysis set. Of 230 eligible

patients, 162 patients with measurable FTV, data who did not receive any trastuzumab were
included in the analysis. Reduced subsets at FTV,, FTV,, and between-regimen (FTV,) time
points were because of missing MR examinations or nonmeasurable FTV.

time msec/echo time msec, =20/4.5;
flip angle, =45°; field of view, 16-18
cm; minimum matrix, 256 X 192; 64
sections; section thickness, =2.5 mm).
Imaging time length for the T1-weight-
ed sequence was between 4.5 and 5
minutes. The sequence was performed
once before injection of contrast agent
and repeated two to four times after in-
jection of the contrast agent. Interim-
aging delays were added as needed to
result in postcontrast administration

temporal sampling between 2 minutes
15 seconds and 2 minutes 30 minutes
for early phase images and between 7
minutes 15 seconds and 7 minutes 45
seconds for delayed phase images.

Image Analysis

After each MR examination, image data
were transferred to the ACRIN Core
Laboratory for central archival and sub-
sequently to the University of California
at San Francisco for image analysis. The
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Table 1

Characteristics of Patients in ACRIN 6657

Eligible Set Included in Analysis  Excluded from Analysis
Parameter (n=230) (n=162) (n=68) PValue
Age .67*
Median® 49 (26-68) 48 (26-68) 49 (29-68)
Mean* 47.7 =89 47.6 = 9.1 48.0 = 8.6
Race .27
Asian 9(3.9 7(4.3) 229
Black or African American 46 (20.0) 29 (17.9) 17 (25.0)
White 170 (73.9) 124 (76.5) 46 (67.6)
More than one race 1(0.4) 0(0.0) 1(1.5)
Unknown 4(1.7) 2(1.2) 229
Ethnicity .55
Hispanic or Latino 10 (4.3) 743 3(4.4)
Not Hispanic or Latino 203 (88.3) 145 (89.5) 58 (85.3)
Unknown 17 (7.4) 10 (6.2) 7(10.3)
Menopausal status .55
Before menopause 106 (46.1) 77 (47.5) 29 (42.6)
After menopause 76 (33.0) 59 (36.4) 17 (25.0)
Indeterminate 38 (16.5) 26 (16.0) 12 (17.6)
Missing 10 (4.3) 0(0.0) 10 (14.7)
Single or multiple lesions 10
Single 130 (56.5) 99 (61.1) 31 (45.6)
Multiple 95 (41.3) 63 (38.9) 32 (47.1)
Missing 5(2.2) 0(0.0) 5(7.4)
Axillary lymph node status 12
at initial staging
No 86 (37.4) 59 (36.4) 27 (39.7)
Yes 132 (57.4) 103 (63.6) 29 (42.6)
Missing 12 (5.2) 0(0.0 12 (17.6)
HR status A8
Negative 87 (37.9) 62 (38.3) 25 (36.8)
Positive 131 (57.0) 99 (61.1) 32 (47.1)
Missing 12 (5.2) 1(0.6) 11 (16.2)
HER2 status .01
Negative 149 (64.8) 118 (72.8) 31(45.6)
Positive 66 (28.7) 41 (25.3) 25 (36.8)
Missing 15 (6.5) 3(1.9 12 (17.6)
HR/HER2 .02
HR-negative/ HER2- 53 (23.0) 40 (24.7) 13 (19.1)
negative (triple negative)
HR-positive/ HER2-negative 96 (41.7) 78 (48.1) 18 (26.5)
HER2-positive 66 (28.7) 41(25.3) 25 (36.8)
Missing 15 (6.5) 3(1.9 12 (17.6)
Pretreatment invasive .87
histology analysis
Ductal carcinoma 175 (76.1) 130 (80.2) 45 (66.2)
Lobular carcinoma 18(7.8) 14 (8.6) (5.9
Mixed ductal/lobular 8(3.5) 5(3.1) 4.4
carcinoma
Other 16 (7.0 12(7.4 4(5.9)
Missing 13(5.7 1(0 12 (17.6)

Table 1 (continues)

primary predictor variable (functional
tumor volume [FTV]) was measured
by semiautomated computer analysis of
contrast-enhanced images by using the
signal enhancement ratio method (16).
FTV was then automatically computed
by summing all image voxels within
the volume of interest by meeting
thresholds for percent enhancement
and signal enhancement ratio and a
minimum number of connected pixels
above threshold. Percent enhancement
threshold was nominally set at 70% and
adjusted as needed for each site in or-
der to account for variability in MR im-
aging systems and imaging parameters.
Adjusted percent enhancement thresh-
old levels were determined empirically
for each site by the research associate
on the basis of visual agreement of
computer-identified and qualitatively
assessed extent of tumor. All MR imag-
ing studies from a given site were pro-
cessed by using the same site-specific
percent enhancement threshold. Signal
enhancement ratio threshold was set to
0 for total FTV measurement. FTV was
assessed at baseline (FTV)), the early
treatment time point (FTV,), and be-
fore surgery (FTV ). Change in FTV, or
FTV, (AFTV, and AFTV,, respectively)
was defined relative to baseline, (ie,
AFTV, = FTV, — FTV,; and AFTV, =
FTV, — FTV)).

Assessment of Response and RFS End
Points

Tumor diameter in centimeters was esti-
mated by physical examination at all time
points for palpable tumors. Location in
the breast was also recorded. Clinical
response was assessed at time points af-
ter baseline according to Response Eval-
uation Criteria in Solid Tumors version
1.1 (known as RECIST) as complete re-
sponse, partial response, stable disease,
or progressive disease (17).

Standard histopathologic analysis
was performed at study sites by the
institutional pathologist according to
the I-SPY TRIAL protocol (14,18).
PCR was defined as no residual inva-
sive disease in either breast or axillary
lymph nodes after neoadjuvant therapy.
A subsequent central pathologic review
was conducted by one pathologist to
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Characteristics of Patients in ACRIN 6657

Eligible Set Included in Analysis  Excluded from Analysis
Parameter (n=230) (n=162) (n=68) PValue

Pretreatment histologic grade .46

Grade | 8(7.8) 12 (7.4) 6(8.8)

Grade Il (41 3 75 (46.3) 20 (29.4)

Grade IIl 103 (44.8) 72 (44.4) 31 (45.6)

Indeterminate 4(1.7) 3(1.9) 1(1.5

Missing 043 0(0.0) 10 (14.7)
Pretreatment clinical size (cm) 21

Mediant 6 (2.0-99.0) 6 (2.0-99.0) 6 (2.0-99.0)

25th percentile 4.0 4.0 4.7

75th percentile 8.0 8.0 8.0

95th percentile 13.0 11.0 25.0

Mean* 74+95 6.8+7.8 8.9 +13.1 .
Early treatment volume (cmd) 77

Median® 8.9(0-177.6)  8.9(0-177.6) 8.7 (0.2-71.9)

25th percentile 2.9 3.0 2.0

75th percentile 22.8 24.2 18.4

95th percentile 63.0 63.0 53.1

Mean# 16.9 = 22.9 17.5 = 24.17 145+ 16.9 .
Presurgery volume (cmS) .30

Mediant 0.11(0-73.1)  0.12(0-73.1) 0.04 (0-66.24)

25th percentile 0 0 0

75th percentile 0.97 1.10 0.36

95th percentile 8.52 8.28 66.24

Mean* 24 +89 22+78 47 +16.5
MR imaging time points

performed$

Baseline 225 (97.8) 162 (100.0) 63 (92.6)

Early treatment 213 (92.6) 156 (96.3) 57 (83.8)

Between regimens 202 (87.8) 153 (94.4) 49 (72.1)

Before surgery 211 (91.7) 162 (100.0) 49 (72.1)
Presurgery clinical response .06

Complete response 90 (39.1) 67 (41.4) 23(33.8)

Partial response 92 (40.0) 72 (44.4) 20 (29.4)

Stable disease 18 (7.8) 10 (6.2) 8(11.8)

Progressive disease 7(3.0) 3(1.9) 4 (5.9

Missing 23(10.0) 10 (6.2) 13 (19.1)
In situ present 25

No 102 (44.3) 79 (48.8) 23(33.8)

Yes 112 (48.7) 79 (48.8) 33 (48.5)

No surgery 6 (2.6) 4(2.5) 2(2.9)

Missing 10 (4.3) 0(0.0) 10 (14.7)
RCB class" 92

0 56 (24.3) 41(25.3) 15 (22.1)

| 7(7.4) 13 (8.0) 4(5.9)

Il 86 (37.4) 67 (41.4) 19 (27.9)

1] 41(17.9) 32(19.8) 9(13.2)

Missing 30(13.0) 9(5.6) 21(30.9)

Table 1 (continues)

estimate residual cancer burden (RCB),
a histopathologic measurement that re-
flects the size and cellularity of residual
disease in the breast and axillary lymph
nodes (19). RCB was measured as a
continuous variable (RCB index) and
further categorized into ranges reflect-
ing no remaining invasive disease (RCB
class 0) and increasing amounts of re-
sidual disease (RCB class I, II, or III)
according to the methods described by
Symmans et al (19).

Hormone receptor (HR) positivity
(estrogen receptor—positive or partial
response—positive) and human epi-
dermal growth factor receptor type 2
(HER2) expression were determined
from pretreatment core biopsy by im-
munohistochemistry and Allred score.
For subtype analysis, patient groups
were defined as those with tumors
that were HR-positive/HER2-negative,
HER2-positive, and HR-negative/HER2-
negative (triple negative).

RFS was defined as the time be-
tween first chemotherapy treatment
and disease recurrence according to

the STEEP criteria (20).

Analysis Set

We enrolled 237 patients between
May 2002 and March 2006 at nine
institutions. Seven patients were sub-
sequently found ineligible because
of medical contraindications, which
resulted in 230 eligible patients. For
analysis of the primary study variable,
FTV,, 52 additional patients were ex-
cluded because examination 4 was
not performed (n = 14), examination
4 data were not received from the
site (n = 8), or FTV, was not measur-
able because of protocol deviations,
poor image quality, or artifacts (n =
30). This yielded a set of 178 patients
with FTV, measurement. Because neo-
adjuvant trastuzumab was not used
as standard therapy until 2005, only
a small number (n = 16) of enrolled
patients underwent trastuzumab ther-
apy and they were excluded from the
analysis. The resulting analysis set in-
cluded 162 patients with FTV, (Fig 1).
Reduced subsets at FTV, (n = 141),
FTV, (n = 143), and between-regimen
(n = 140) time points were because of
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Table 1 (continued)

Characteristics of Patients in ACRIN 6657

Eligible Set Included in Analysis  Excluded from Analysis
Parameter (n=230) (n=162) (n=68) PValue
PCR 77
Complete responder 58 (25.2) 42(25.9) 16 (23.5)
Nonresponder 156 (67.8) 116 (71.6) 40 (58.8)
Missing 16 (7.0) 4(2.5) 12 (17.6)
Total pathologic size (mm) .84
Mediant 14 (0-150) 13 (0-150) 14 (0-150)
Mean* 231 =298 23.0 = 30.2 23.4 =288
Surgery type 7
Lumpectomy 91 (39.6) 66 (40.7) 25 (36.8)
Mastectomy 123 (53.5) 92 (56.8) 31 (45.6)
Missing 16 (7.0) 4(2.5) 12 (17.6)
RFS 14
Event (first occurrence 63 (27.4) 42 (25.9) 21(30.9)
of local or distant
progression or death)
No event 157 (68.3) 120 (74.1) 37 (54.4)
Missing 10 (4.3) 0(0.0) 10 (14.7)
Local and/or distant .26
progression
Not local or distant 5(2.2) 3(1.9 229
Local only 6 (2.6) 3(1.9 3 (4.4
Local (ie, distant missing) 1(0.4) 1(0.6) 0(0.0
Distant only 38 (16.5) 23 (14.2) 15 (22.1)
Both local and distant 12 (5.2 11 (6.8) 1(1.5)
Both missing 11 (4.8) 1(0.6) 10 (14.7)
Not applicable (ie, no event) 157 (68.3) 120 (74.1) 37 (54.4)

Note.—Unless otherwise indicated, data are numerators and data in parentheses are percentages.

* Wilcoxon Pvalue was used for continuous variables and x? P value was used for categorical variables.

T Data in parentheses are range.
* Data are = standard deviation.
§ Pvalue excluded because MR imaging was not available.

I'RCB class definitions: 0, RCB index 0; I, RCB index =1.3; Il, RCB index 1.36 to =3.28; Ill, RCB index >3.28.

missing MR examinations or nonmea-
surable FTV. RFS was available for all
cases included in the analysis set. The
median follow-up time was 3.9 years
(range, 0.5-6.9 years). PCR and RCB
were unavailable for four patients who
did not undergo surgery. RCB was
missing for an additional five patients
because histopathologic slides were
unavailable for central re-review.

All patients included in the analysis
group for this study were included in
the set of 216 patients previously re-
ported (15). The previous study evalu-
ated the relationship between FTV and
the intermediate histopathologic end
points PCR and RCB, whereas in this

study we reported on the relationship
with the survival outcome RFS.

Statistical Analysis

Cox regression was used to examine
the association of RFS to the continu-
ous FTV variables and to compare with
the association to PCR status and RCB
class. The following patient character-
istics and clinical variables were also
included in the analysis: age, ethnicity,
clinical response status, HR status,
HER2 status, and HR/HER2 status.
Univariate and multivariate models
were fitted and compared by using
likelihood ratio tests. To assess the
predictive performance of models, a

c-statistic modified to account for cen-
soring was computed, together with a
95% confidence interval (21). Overall
model fit (calibration) was assessed
by using the Gronnesby-Borgan test
(22). In exploratory analysis of the as-
sociations of FTV with RFS, Kaplan-
Meier curves were computed for RFS
by patient groups defined by dichoto-
mizing FTV, and FTV, at the lowest
quartile, median quartile, and highest
quartile values. In addition, Kaplan-
Meier curves for RFS were computed
separately for subgroups defined by
HR/HER2 status, with FTV dichoto-
mized at the highest quartile. Survival
curves were compared by using a log-
rank test. For the comparisons of the
subgroups included and excluded from
the analysis a Wilcoxon P value was
used for continuous variables and x>
P value test was used for categorical
variables.

Computations were performed by
using statistical software (SAS version
9.4, SAS Institute, Cary, NC; Stata ver-
sion 13, Stata, College Station, Tex; and
R version 3.0.2, R Project for Statistical
Computing, Vienna, Austria). A P value
less than .05 was required to indicate
statistical significance to test a single
hypothesis.

Patient Characteristics

Patient characteristics are listed in
Table 1 and were comparable for the el-
igible and analysis subsets. Longitudinal
MR images and associated FTV maps
are shown in Figure 2 for a patient with
an excellent treatment response.

Imaging and Biomarker Analysis

In univariate analysis of 13 variables,
FTV, and FTV, had the smallest P
values for association with RFS (both
P < .001; Table 2). AFTV, (P = .006),
HER2 status (P = .02), HER2-positive
versus HR-positive/HER2-negative sub-
type (P = .006), and RCB class III ver-
sus 0 (P =.002) also showed significant
association with RFS. HR, PCR, age,
race, and clinical response were not
significantly associated with RFS.
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Figure 2

baseline

L

Figure 2:

Early treatment

%
¥

Inter-regimen

Pre-surgery

Longitudinal MR images and FTV maps. Maximum intensity projection images (top row) and corresponding FTV maps (bottom row) for a patient with an

excellent clinical response and disseminated residual disease. FTV measurements were 48.5 cm?, 35.4 cm?, 5.6 cm®, and 0 cm? for baseline, early treatment, inter-
regimen, and presurgery time points, respectively (shown from left to right).

Multivariate models, which included
volume variables at the presurgical time
point, FTV,, and AFTV4 combined with
PCR and HR/HER2 subtype, are shown
in Table 3. The volume variables remain
significant in all models, whereas PCR
was not significant when added to a
model with FTV, and AFTV,. HR/HER2
status was significant when added to a
model with presurgery volume variables
and PCR. When FTV, and AFTV, were
replaced with FTV, and AFTV, in the
three models FTV, was the only statis-
tically significant contributor (Table E1
[online]). In similar analyses that re-
placed PCR with RCB class, RCB class III
versus O did add significantly to models
2 and 3 (Tables E2, E3 [online]).

The confidence intervals for univar-
iate and multivariate models overlap
extensively, which indicates that there
were no statistically significant differ-
ences between models (Table 4). In uni-
variate modeling, the highest C statistic
was found for FTV, (0.67 [95% confi-
dence interval: 0.38, 0.76]) and RCB
class (0.67 [95% confidence interval:

0.54, 0.81]). The univariate C statistic
for PCR was 0.57 (95% confidence in-
terval: 0.39, 0.74). Multivariate models
resulted in higher C statistics in gen-
eral, and the highest values were found
by using the early-treatment FTV, mea-
surements combined with RCB class.
The model that combined FTV,, AFTV,,
RCB class, and HR/HER2 subtype had
the highest C statistics (0.72 [95% con-
fidence interval: 0.60, 0.84]).

Kaplan-Meier plots that compared
RFS estimates by using FTV cut points
at lowest quartile, median quartile, and
highest quartile are shown for FTV,
and FTV, in Figure 3. The correspond-
ing plots by HR/HER2 status are shown
in Figure 4. For both time points, the
greatest separation was found by using
highest quartile, separating patients in
the quartile with the most residual FTV
from all others (Fig 3).

In this study, breast tumor volume
measured with MR imaging before and

during neoadjuvant chemotherapy was
found to predict RFS. These findings
confirm previous single-institution re-
sults (11) that show association of MR
imaging-measured breast tumor vol-
ume with RFS. At univariate analysis,
the early time-point measurement FTV,
and the presurgical measurements
FTV, and AFTV, were strongly associ-
ated with RFS, as was RCB class. PCR
did not reach statistical significance in
this analysis, although in an analysis of
172 patients in the I-SPY TRIAL that
encompassed the subset included here,
PCR was found to be statistically sig-
nificant (18). FTV,, measured after
only one cycle of anthracycline che-
motherapy, had the highest univariate
C statistic, comparable to RCB class,
which suggested that MR imaging can
provide prognostic information early in
treatment.

Predictive performance was im-
proved in multivariate models that
combined MR imaging and histopath-
ologic variables. Multivariate models
that used the early time-point variables
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Table 2

Univariate Cox Regression Analysis for Association with RFS

Parameter Hazard Ratio PValue
Age 0.99 (0.96, 1.02) .57
Race (African American vs white) 1.03 (0.46,2.34) .94
Race (other vs white) 0.88 (0.21, 3.68) .86
HR (negative vs positive) 1.74 (0.94,3.21) .08
HER2 (positive vs negative) 2.22 (1.17,4.20) .02
Subtype (HR-negative/HER2-negative 1.85(0.83,4.14) 13

[triple negative] vs HR-positive/HER2-negative)
Subtype (HER2-positive vs HR-positive/HER2-negative) 2.82(1.35,5.90) .006
Early treatment
FTV, 1.02 (1.01,1.04) <.001
AFTV, 0.99 (0.98, 1.00) .08
Presurgery
FTV, 1.07 (1.04,1.10) <.001
AFTV, 0.99 (0.98, 1.00) .006
Clinical response (partial response vs complete response) 0.86 (0.45, 1.66) .66
Clinical response (stable disease vs complete response) 0.72 (0.20, 2.58) .62
Clinical response (progressive disease vs complete response) 1.62 (0.22,12.19) .64
Postsurgical pathologic analysis
PCR (nonresponder vs responder) 2.02 (0.84,4.83) 12
RCB class | versus 0 0.51 (0.06, 4.26) 54
RCB class Il versus 0 1.36 (0.52, 3.59) .53
RCB class Il versus 0 4.49 (1.76, 11.50) .002
RCB index 1.72 (1.31, 2.24) <.001

Note.—Data in parentheses are 95% confidence intervals.

FTV, and AFTV, performed slightly bet-
ter than similar models that used the
presurgical variables FTV, and AFTV ,
but this was not statistically significant.
Improvements in predictive perfor-
mance were also gained when PCR was
replaced in multivariate models by the
more refined system of RCB class for
assessing residual disease. The highest
overall C statistic was obtained when
early time-point information from FTV,
was combined with RCB class, and
both variables were statistically signif-
icant. While multivariate models were
adjusted for age and ethnicity, they did
not consider other potential clinically
relevant predictors, such as comorbid-
ity, past history of screening, or bone
density, which might have improved
prediction.

The observation that the best pre-
diction was obtained when imaging
and histopathologic analysis were com-
bined may reflect the complementary
strengths of histopathologic analysis
and MR imaging to detect and measure
residual disease when little disease re-
mains and when extensive disease re-
mains, respectively. While histopatho-
logic analysis can accurately assess the

Table 3

Multivariate Cox Regression Analysis Including FTV,, PCR, and HR/HER2 Subtype

Model 3: FTV,, AFTV,, PCR,

Model 1: FTV, and AFTV, Model 2: FTV,, AFTV,, and PCR and HR/HER2
Parameter Hazard Ratio PValue Hazard Ratio PValue Hazard Ratio PValue
FTV, 1.08 (1.05, 1.11) <.001 1.08 (1.05, 1.11) <.001 1.08 (1.05,1.12) <.001
AFTV, 0.99 (0.98, 0.99) .001 0.99 (0.98, 0.99) .001 0.99 (0.98, 1.00) .005
PCR
Complete response
Nonresponder 1.46 (0.59, 3.65) 42 1.78 (0.69, 4.55) .23
HR/HER2
HR-positive/ HER2-negative
HR-negative/ HER2-negative 1.86 (0.74, 4.64) 18
HER2-positive 2.97 (1.27,6.96) .01
Age (y) 1.00 (0.97,1.04) .85 0.99 (0.96, 1.03) .78 1.00 (0.96, 1.05) 91
Race
White
African American 0.84 (0.36, 2.00) .70 0.86 (0.36, 2.05) 73 0.80 (0.32, 1.95) .62
Other 1.10 (0.25, 4.80) .90 1.15(0.26, 4.99) .86 1.15(0.27,4.97) .85

Modified C statistic 0.68 (0.57,0.79)

0.69 (0.56, 0.81)

0.67 (0.54, 0.80)

Note.—Data in parentheses are 95% confidence interval range.
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Table 4

Table of C Statistics and 95% Confidence Intervals for Association with RFS

Model C-Statistic Standard Error
Univariate
PCR 0.57 (0.39, 0.74) 0.09
RCB class 0.67 (0.54, 0.81) 0.07
F1V, 0.67 (0.58, 0.76) 0.05
AFTV, 0.54 (0.42, 0.66) 0.06
FTV, 0.64 (0.53,0.74) 0.06
AFTV, 0.62 (0.50, 0.73) 0.06
Age 0.53 (0.40, 0.65) 0.07
Race 0.51 (0.37, 0.65) 0.07
HR 0.57 (0.40, 0.74) 0.09
HER2 0.59 (0.42, 0.75) 0.08
HR/HER2 0.55(0.39,0.72) 0.08
Clinical response 0.52 (0.38, 0.65) 0.07
Multivariate
FTV, and AFTV, 0.70 (0.60, 0.80) 0.05
FTV,, AFTV,, and PCR 0.69 (0.57,0.81) 0.06
FTV,, AFTV,, and PCR , and HR/HER2 0.69 (0.58, 0.81) 0.06
FTV,, AFTV,, and RCB class 0.72 (0.60, 0.84) 0.06
FTV,, AFTV,, RCB class, and HR/HER2 0.72 (0.60, 0.84) 0.06
FTV, and AFTV, 0.68 (0.57,0.79) 0.06
FTV,, AFTV,, and PCR 0.69 (0.56, 0.81) 0.06
FTV,, AFTV,, PCR , and HR/HER2 0.67 (0.54, 0.80) 0.07
FTV,, AFTV,, and RCB class 0.72 (0.60, 0.84) 0.06
FTV,, AFTV,, RCB class, and HR/HER2 0.72 (0.59, 0.84) 0.06

Note.—Multivariate models were adjusted for age and ethnicity. Data in parentheses are 95% confidence intervals.

presence and size of minimal disease, it
may not provide an accurate estimate
of extensive residual disease because
of tissue distortion from specimen
processing and sampling limitations.
Conversely, MR imaging is accurate
for estimation of the size and extent
of substantial residual disease, particu-
larly multifocal cancers, but is less sen-
sitive when minimal disease is present,
such as after neoadjuvant chemother-
apy (4,23-25).

Interestingly, in both univariate
and multivariate analyses, the absolute
value of FTV showed stronger associa-
tion with RFS than change from base-
line. This especially applied to the early
treatment time point. FTV, resulted in
the highest overall univariate C statistic
of 0.67 (95% confidence interval: 0.58,
0.76); however, the C statistic for AFTV,
was only 0.54 (95% confidence interval:
0.42, 0.66), and AFTV, did not contrib-
ute significantly to multivariate models.

A possible explanation for this observa-
tion is the uncertainty in baseline FTV
measurements caused by false-positive
findings of background parenchymal en-
hancement that may have contributed
to error in response measurements.
Background parenchymal enhancement
is a common occurrence in premeno-
pausal women and has been shown to
be reduced by hormonal or chemother-
apy treatment (26-28). Uncertainty in
baseline FTV would be expected to con-
tribute more error to early response
measurements than those made later
in the course of treatment. Accordingly,
at the later presurgical time point, both
FTV, and AFTV, were significant in uni-
variate analysis and both contributed
significantly in multivariate models.
Exploratory Kaplan-Meier analyses
supported the findings from univari-
ate and multivariate Cox analysis that
showed comparable or better predic-
tion by using early time point versus

presurgical measurement. In Kaplan-
Meier analysis, FTV, was able to dis-
criminate groups with different survival
estimates by using any of the three cut
points considered, but FTV, was only
able to discriminate groups by using the
highest quartile. The failure of FTV, to
identify statistically significant survival
differences by using the lowest quar-
tile and median quartile cut points was
likely because of the greater magnitude
of responses at examination 4 and the
large number of complete imaging re-
sponses that fell below the lowest quar-
tile and median quartile.

The Kaplan-Meier analyses per-
formed by subtype suggest that both
the ability of FTV to discriminate dif-
ferences in survival outcomes and the
optimal timing of MR imaging mea-
surement differ by subtype. At the pre-
surgery time point, greater RFS sep-
aration was found in the HR-positive/
HER2-negative and HER2-positive sub-
types than in the whole cohort, but no
significant difference was found in the
triple-negative subtype. The inability
of MR imaging to detect an RFS differ-
ence in the triple-negative subtype at
stage T4 may be attributable to several
factors, including the small number of
patients in the subset (40 of 162), the
paradoxical characteristic of triple-
negative tumors to exhibit excellent
chemotherapeutic response despite
poor survival outcomes (29), and the
poor ability of MR imaging to detect
minimum residual disease. However,
a significant and large RFS separation
was found in the triple-negative group
at stage T2, which suggests that the
information provided by MR imaging
may be maximized earlier for triple-
negative tumors than for other tumor
subtypes. It is important to note that
because the quartile cut points are
data dependent and may not be appli-
cable to other cohorts, these Kaplan-
Meier analyses are only illustrative.
Additional studies are needed to con-
firm these findings.

Twenty-three percent of eligible
participants were excluded from this
analysis because of image data that
was insufficient and unable to be an-
alyzed. A majority of these exclusions
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Figure 3:  Graphs show Kaplan-Meier RFS estimates according to FTV quartile cut points. RFS stratified by FTV, (top) is compared with FTV, (bottom) cut points at
the lowest quartile (Q7), median quartile (Q2), and highest quartile (Q3), respectively, left to right. The log-rank test P value is shown for each plot.

1.01 HR+/HER2- 1.01 HER2+ 1.0 HR-/HER2-(TN)
> 0el LT > >
£ 0.84 = 0.8 = 0.8
3 g g
ﬁ 0.6+ S 0.6 S 0.61
o o o
= 041 [ 0.4 [ 0.4
§ 0.2 —\Volume<=Q3 b 0.21 — Volume<=Q3 = 0.21 — Volume<=Q3
% = —Volume>Q3 @ | —Volume>Q3 @ | —Volume>Q3
0.0+ Log-Rank Test p=0.636 0.0 | Log-Rank Test p=0.25 0.01 Log-Rank Test p=0.006
o 1 2 3 4 5 6 7 0o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Time (in Years) Time (in Years) Time (in Years)
. 1.01 HR+/HER2- 1.01 HER2+ 1.0 HR-/HER2-(TN)
= =
S 0.8 g 0.8 1 = 0.8
© =] =]
L @ o
© 0.6+ S 0.6 8 06
o I a
T 0.4 = 0.4 < 04
g — Volume<=Q3 5 | —Volume<=32 £ | —Volume<=Q3
a 021 —Volume>Q3 ;3; 021 _ volume>Q3 % 0-21 _ volume>Q3
0.01 Log-Rank Test p=<0.001 0.0/ Log-Rank Test p=0.011 0.0 Log-Rank Test p=0.224
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Time (in Years) Time (in Years) Time (in Years)

Figure 4:  Graphs show Kaplan-Meier plots with RFS estimates by time point and HR and HER2 subtype. RFS stratified by FTV, (top row) is compared with
FTV, (bottom row) by using the highest quartile (@3) cut point for HR-positive (HR+) and HER2-negative (HERZ2-), HER2-positive (HER2+), and HR-negative/
HER2-negative (HR-/HERZ2-; triple negative) subtypes, respectively, left to right. The log-rank test P value is shown for each plot.
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were because of problems that might
have been corrected with repeat im-
aging. The exclusions did not result in
substantial differences in characteris-
tics between the eligible and analysis
sets, although they may explain the
lack of statistical significance of PCR
found in this study compared with
the parent data set (18). Time delays
between examinations, image submis-
sion, and data review contributed to
the high rate of data loss. Real-time re-
view of protocol compliance and image
quality might have allowed more timely
correction of protocol deviations and
repeat imaging for cases in which in-
adequate image quality or artifacts
prevented FTV measurement. Several
quality control procedures have been
implemented in the subsequent I-SPY
2 TRIAL to reduce image data loss, in-
cluding protocol compliance and image
data quality review within 72 hours
and prior to patient randomization.
ACRIN 6657 was conducted as a
prospective multicenter study to assess
MR imaging for measuring breast can-
cer response to neoadjuvant chemo-
therapy. Results of this study show that
MR imaging measurements of breast
tumor volume by using a standardized
method are effective to predict RFS as
early as one cycle of treatment. The
imaging studies also suggest that MR
imaging captures meaningful differ-
ences in response among breast cancer
subtypes and reinforces findings from
the parent [-SPY TRIAL, which shows
that prediction improves in the context
of subtype. These studies also suggest
that imaging provides information inde-
pendent from histopathologic analysis.
In 2012, the U.S. Food and Drug Ad-
ministration released a draft guidance
regarding the use of PCR as an end
point to support accelerated approval
of promising new drugs for the neo-
adjuvant treatment of high-risk early-
stage breast cancer (30). Information
provided by MR imaging about tumor
response may improve the value of PCR
as an intermediate end point for RFS.
MR imaging has the additional benefit
of allowing tumor measurement be-
fore surgery and may enable changes
to therapy before excision. Experience

in ACRIN 6657 led to improvements in
the quality and reliability of breast MR
imaging performed in the multicenter
clinical trials setting. Additional bene-
fits may be realized through more ad-
vanced quantitative methods, including
diffusion-weighted MR imaging, and
these methods are being investigated in
continuing trials.
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