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Purpose:

To compare magnetic resonance (MR) imaging findings
and clinical assessment for prediction of pathologic response to neoadjuvant chemotherapy (NACT) in patients
with stage II or III breast cancer.

Materials and
Methods:

The HIPAA-compliant protocol and the informed consent
process were approved by the American College of Radiology Institutional Review Board and local-site institutional
review boards. Women with invasive breast cancer of 3
cm or greater undergoing NACT with an anthracyclinebased regimen, with or without a taxane, were enrolled
between May 2002 and March 2006. MR imaging was performed before NACT (first examination), after one cycle
of anthracyline-based treatment (second examination),
between the anthracycline-based regimen and taxane
(third examination), and after all chemotherapy and prior
to surgery (fourth examination). MR imaging assessment
included measurements of tumor longest diameter and
volume and peak signal enhancement ratio. Clinical size
was also recorded at each time point. Change in clinical
and MR imaging predictor variables were compared for
the ability to predict pathologic complete response (pCR)
and residual cancer burden (RCB). Univariate and multivariate random-effects logistic regression models were
used to characterize the ability of tumor response measurements to predict pathologic outcome, with area under
the receiver operating characteristic curve (AUC) used as
a summary statistic.

Results:

Data in 216 women (age range, 26–68 years) with two
or more imaging time points were analyzed. For prediction of both pCR and RCB, MR imaging size measurements were superior to clinical examination at all time
points, with tumor volume change showing the greatest
relative benefit at the second MR imaging examination.
AUC differences between MR imaging volume and clinical
size predictors at the early, mid-, and posttreatment time
points, respectively, were 0.14, 0.09, and 0.02 for prediction of pCR and 0.09, 0.07, and 0.05 for prediction of
RCB. In multivariate analysis, the AUC for predicting pCR
at the second imaging examination increased from 0.70
for volume alone to 0.73 when all four predictor variables
were used. Additional predictive value was gained with
adjustments for age and race.

Conclusion:

MR imaging findings are a stronger predictor of pathologic response to NACT than clinical assessment, with the
greatest advantage observed with the use of volumetric
measurement of tumor response early in treatment.
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S

ystemic chemotherapy is used to
treat women with invasive breast
cancer to reduce the risk of recurrence after surgery. Clinical trials
comparing neoadjuvant and adjuvant
chemotherapy have shown equivalent
relapse-free and overall survival outcomes between the two groups. However, women receiving neoadjuvant chemotherapy (NACT) were more likely to
achieve breast conservation than those
receiving chemotherapy after surgery
(1,2). Change in size of the primary
tumor in response to chemotherapy in
the neoadjuvant setting was positively

Advances in Knowledge
n For prediction of pathologic
response following neoadjuvant
chemotherapy, change in breast
tumor size measured at MR imaging is superior to clinical assessment; areas under the receiver operating characteristic
curve (AUCs) for MR imaging
and clinical size were 0.75 and
0.68, respectively, for prediction
of pathologic complete response
(pCR).
n Among MR imaging size measurements early in treatment,
volume estimates are superior to
diameter estimates for predicting
pathologic outcomes; AUCs for
MR imaging volume and longest
diameter were 0.70 and 0.64,
respectively, for prediction of
pCR.
n For prediction of pCR, the greatest relative advantage in predictive ability occurs early in treatment; the difference in AUC
between MR imaging volume and
clinical size predictors at the
early, mid-, and posttreatment
time points was 0.14, 0.09, and
0.02, respectively, for prediction
of pCR.
n When adjusted for age and race,
the highest predictive value of
0.84 was obtained by using a
multivariate model that included
both MR imaging and clinical
measurements.
664

associated with disease-free and overall
survival. Thus, primary tumor response
monitoring has predictive value and has
led to greater use of chemotherapy in
the neoadjuvant setting for women with
breast cancer.
Contrast material–enhanced magnetic resonance (MR) imaging has been
shown to better demonstrate cancer
extent than traditional mammography
or ultrasonography (US) in multiple
studies (3–8). Because MR imaging
primarily helps detect breast cancer by
demonstrating contrast enhancement
associated with tumor angiogenesis, it
provides insight into tumor physiology
and could provide an earlier and more
accurate marker of tumor response
than anatomic imaging or clinical breast
examination.
As a companion study to Cancer and Leukemia Group B (CALGB)
150007, American College of Radiology
Imaging Network (ACRIN) 6657 was
conducted as the imaging component
of the multicenter Investigation of Serial Studies to Predict Your Therapeutic
Response with Imaging And moLecular
Analysis (I-SPY TRIAL) breast cancer
trial, a study of imaging- and tissuebased biomarkers for predicting response and survival. ACRIN 6657 was
designed as a prospective study to test
MR imaging for its ability to help predict response to treatment and stratify
the risk of recurrence in patients with
stage II or III breast cancer receiving
NACT. The purpose of our study was
to compare MR imaging and clinical

Implications for Patient Care
n Early assessment of treatment
response on the basis of MR imaging findings may warrant
changes in treatment planning,
leading to better clinical
outcomes.
n With excellent patient compliance in terms of the imaging examinations over the course of
this investigation, our study suggests that serial MR imaging examinations can be used effectively to monitor response to
treatment.
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assessment for prediction of pathologic
response following NACT.

Materials and Methods
Participant Eligibility and Enrollment
Patients enrolling in CALGB 150007
who had T3 tumors that measured at
least 3 cm in diameter at clinical examination or imaging and who were
receiving NACT with an anthracyclinecyclophosphamide regimen alone or
followed by a taxane were eligible for
this study. Pregnant patients and those
with ferromagnetic prostheses were excluded from the study. The study was
open to enrollment from May 2002 to
March 2006. Participation in both the
ACRIN 6657 imaging study and the
CALGB 150007 biomarker study were
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a requirement of the I-SPY TRIAL, and
patients signed a single consent form.
The Health Insurance Portability and
Accountability Act–compliant protocol and the informed consent process
were approved by the American College of Radiology Institutional Review
Board and local-site institutional review
boards. Patients were screened for eligibility, consented, and enrolled through
CALGB 150007 and then registered to
ACRIN 6657 (9). The imaging findings
have not previously been reported.

Imaging Procedures
MR imaging examinations were performed within 4 weeks prior to the start
of anthracycline-cyclophosphamide chemotherapy (first examination), at least
2 weeks after the first cycle and prior
to the second cycle of anthracycline-cyclophosphamide chemotherapy (second
examination), between anthracyclinecyclophosphamide treatment and taxane therapy if taxane was administered
(third examination), and after the final
chemotherapy treatment and prior to
surgery (fourth examination).
MR imaging was performed with
a 1.5-T imaging unit by using a dedicated breast radiofrequency coil. Prior
to the start of imaging, an intravenous
catheter was inserted into each patient;
patients were imaged in the prone position. The MR imaging protocol included a localization acquisition and
a T2-weighted sequence, followed by
a dynamic contrast-enhanced series.
For T2-weighted imaging, a fast spinecho sequence with fat suppression
was used in the sagittal orientation
over the symptomatic breast only (twodimensional spin echo; field of view,
16–20 cm; section thickness, 3 mm;
fat saturation; echo train length, eight
to 16; one echo; effective echo time,
80–140 msec; repetition time, 4000–
6000 msec). For the contrast-enhanced
series, high-spatial-resolution (in-plane
spatial resolution, !1 mm) three-dimensional fat-suppressed T1-weighted
imaging of the symptomatic breast was
performed by using a gradient-echo
sequence with a repetition time of 20
msec or less, an echo time of 4.5 msec,
a flip angle of 45° or less, a 16–18-cm
Radiology: Volume 263: Number 3—June 2012
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field of view, a minimum matrix of 256
3 192, and 64 sections with a thickness
of 2.5 mm or less.
Imaging time for the T1-weighted
sequence was required to be between
4.5 and 5 minutes, with one data set acquired before injection of a gadoliniumbased contrast agent and repeated at
least two times immediately after injection. The resulting temporal sampling
of the center of k-space for the first
contrast-enhanced phase was between
2 minutes 15 seconds and 2 minutes 30
seconds, providing image contrast most
representative of this time point. An
interphase delay between the first and
the second contrast-enhanced phase
was used as needed to result in temporal sampling of the second contrastenhanced phase between 7 minutes
15 seconds and 7 minutes 45 seconds.
Mammography was performed at baseline and presurgical time points only;
mammographic results were therefore
not included in this analysis. Mammograms were interpreted by the site
radiologist according to the American
College of Radiology Breast Imaging
Reporting and Data System lexicon for
subsequent analysis (10).

Clinical Size and Response Assessment
Clinical tumor size and clinical response
category were assessed separately at
each time point. Physical examination
included the recording of tumor size
in centimeters (measured in one dimension), as well as tumor location
(distance in centimeters from the center of the nipple), and clock position.
Change in clinical size was recorded as
the largest change in a single dimension
of the tumor. Clinical response categories were defined as follows: Complete response involved disappearance
of all lesions; partial response, at least
a 30% decrease in the longest diameter (LD) of the primary tumor; stable
disease, neither partial response nor
progressive disease; and progressive
disease, at least a 20% increase in the
LD of the primary tumor.
Histopathologic Analysis
Histopathologic analysis of surgical
specimens was performed locally by

radiology.rsna.org

Hylton et al

each institution’s pathologist as specified in the I-SPY TRIAL protocol (11).
Pathologic complete responses (pCRs)
were reported when no residual invasive disease was present. Residual
disease size was measured and reported for invasive and noninvasive components. Total extent of residual disease,
measured as the greatest two-dimensional extent of residual invasive cancer
inclusive of intervening areas of fibrosis
or necrosis, was also reported. A centralized group of trained pathologists
subsequently re-reviewed study pathology reports and slides to estimate
residual cancer burden (RCB), a composite pathologic index that considers
tumor size, cancer cell density, and
lymph node involvement (12). RCB is
a more refined pathologic measurement
of residual tumor burden that appears
to have better ability than pCR to discriminate response (13). RCB was measured on a continuous scale and further
categorized as 0, I, II, or III according
to the method described by Symmans
et al (12). Responders were categorized
as having an RCB index of 0 or I, while
nonresponders had an RCB index of II
or III. For this analysis, in which MR
imaging measurements were limited to
the primary cancer, MR imaging findings were also compared with only the
“in-breast” component of RCB, adapted
from the Symmans method to include
only the tumor size and cancer cell density components of the RCB measurement. The centralized pathology review
for RCB assessment resulted in revised
pathologic residual disease size measurements in a subset of cases.

Image Assessment and Volumetric
Analysis
Deindentified image data were centrally
archived at the American College of Radiology Imaging Core Laboratory. Image evaluation included both radiologic
interpretation and quantitative image
analysis. Image interpretation was performed at each site by either a breast
radiologist (seven sites) or MR imaging scientist (two sites), all with 3 or
more years of experience in interpreting breast MR images consistent with
the standard Breast Imaging Reporting
665
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and Data System MR imaging lexicon
(10). Radiologic interpretation of MR
images included assessment of lesion
size, shape, extent, distribution, and
kinetics, as well as other characteristics, including breast density, T2 appearance, and morphologic pattern. LD
was measured as the greatest extent of
disease, including intervening areas of
nonenhancing tissue, on baseline MR
images. The same measurement direction was used for all subsequent MR
imaging examinations. Staff members of
the breast MR imaging laboratory at the
University of California at San Francisco
performed the quantitative analysis of
all MR image data. Contrast-enhanced
images were analyzed by using the signal
enhancement ratio (SER) method with
a voxel-based comparison of early and
late contrast enhancement (14). The
primary quantitative measurement was
an estimate of tumor volume, computed
as the sum of voxels meeting thresholds for initial percentage enhancement
(PE), defined as PE = [(S1 2 S0)/S0] ·
100%, and SER, defined as SER = (S1
2 S0)/(S2 2 S0), where S0, S1, and S2
represent the signal intensities on the
precontrast, early postcontrast, and late
postcontrast images, respectively. Tumor volume was computed by summing
all voxels with percentage enhancement
above a nominal threshold value of
70%; site-specific adjustments to this
threshold were necessary to account
for variability in MR imaging systems
and imaging parameters. Automated
assessment of tumor hot spot measured
the peak SER, determined by searching
the entire tumor volume for the greatest mean SER of a connected eight-pixel
region. Nonanalyzable cases included
those in which voxel-based SER analysis
could not be performed because of an
insufficient number of postcontrast time
points, image misregistration, or poor
image quality.

Statistical Analysis
Statistical analyses were performed at
the ACRIN Biostatistics and Data Management Center at Brown University.
The analyses characterized the ability
of four measurements of tumor response (changes in longest dimension,
666
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Table 1
Patient Characteristics
Characteristic

Eligible Group (n = 230)

Age
Median*
Mean 6 standard deviation
Race
Asian
Black or African-American
White
More than one race
Unknown
Ethnicity
Hispanic or Latino
Not Hispanic or Latino
Unknown
Menopausal status
Premenopausal
Postmenopausal
Indeterminate
Data missing
Estrogen receptor status
Negative
Positive
Indeterminate
Data missing
Progesterone receptor status
Negative
Positive
Indeterminate
Data missing
HER2 status
Negative
Positive
Indeterminate
Analysis not performed
Data missing
Invasive histologic findings
Ductal carcinoma
Lobular carcinoma
Mixed ductal/lobular carcinoma
Mucinous
No surgery
Data missing
Not applicable (no invasive disease)
DCIS present
No
Yes
No surgery
Data missing
Total pathologic size (mm)
Median*
Mean 6 standard deviation
Surgery type
Lumpectomy

Analysis Group (n = 216)

49 (26–68)
47.7 6 8.9

49 (26–68)
47.7 6 8.9

9 (3.91)
46 (20.00)
170 (73.91)
1 (0.43)
4 (1.74)

9 (4.17)
40 (18.52)
162 (75.00)
1 (0.46)
4 (1.85)

10 (4.35)
203 (88.26)
17 (7.39)

9 (4.17)
191 (88.43)
16 (7.41)

106 (46.09)
76 (33.04)
37 (16.09)
11 (4.78)

103 (47.69)
73 (33.80)
37 (17.13)
3 (1.39)

91 (39.57)
120 (52.17)
9 (3.91)
10 (4.35)

88 (40.74)
118 (54.63)
8 (3.70)
2 (0.93)

109 (47.39)
101 (43.91)
10 (4.35)
10 (4.35)

106 (49.07)
99 (45.83)
9 (4.17)
2 (0.93)

136 (59.13)
63 (27.39)
7 (3.04)
14 (6.09)
10 (4.35)

134 (62.04)
60 (27.78)
6 (2.78)
14 (6.48)
2 (0.93)

125 (54.35)
15 (6.52)
4 (1.74)
1 (0.43)
6 (2.61)
10 (4.35)
69 (30.00)

121 (56.02)
15 (6.94)
4 (1.85)
1 (0.46)
6 (2.78)
2 (0.93)
67 (31.02)

102 (44.35)
112 (48.70)
6 (2.61)
10 (4.35)

100 (46.30)
108 (50.00)
6 (2.78)
2 (0.93)

14 (0–150)
23.1 6 29.8

14 (0–150)
22.8 6 29.8

91 (39.57)

89 (41.20)

Q16

Table 1 (continues)
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Table 1 (continued)
Patient Characteristics
Characteristic
Mastectomy
Data missing
MR imaging examinations performed
Baseline (pretreatment)
Early treatment
Between regimens
Presurgery
No. of lesions at MR imaging
0
1
2
.2
MR imaging index lesion type
No index lesion
Mass
Nonmass

Eligible Group (n = 230)

Analysis Group (n = 216)

121 (52.61)
18 (7.83)

117 (54.17)
10 (4.63)

225 (97.83)
213 (92.61)
202 (87.83)
211 (91.74)

216 (100)
209 (96.76)
200 (92.59)
209 (96.76)

5 (2.17)
130 (56.52)
70 (30.43)
25 (10.87)

0
125 (57.87)
66 (30.56)
25 (11.57)

5 (2.17)
170 (73.91)
55 (23.91)

0
162 (75.00)
54 (25.00)

Note.—Unless otherwise specified, data are numbers of patients, with percentages in parentheses. DCIS = ductal carcinoma in
situ. HER2 = human epidermal growth factor receptor 2.
* Data in parentheses are ranges.

characteristic curve (AUC) for each
predictor was obtained and used as
a summary measure of the diagnostic
accuracy of the model. The 95% confidence interval (CI) for the AUC was
calculated according to the method of
DeLong et al (16). The AUC, rather
than the coefficients (ie, odds ratios)
from the model, was of interest, as the
goal was to determine how accurately
these predictors performed for the outcomes of interest. Statistical software
(SAS, version 9.0, SAS Institute, Cary,
NC; Stata, version 9.0, Stata, College
Station, Tex; and S-PLUS, version 7.0,
Insightful, Seattle, Wash) were used to
process the data and facilitate statistical analyses. All CIs are reported at
the 95% level. P ! .05 was considered
to indicate a statistically significant
difference.

Results

volume, and SER at MR imaging and
clinical size) to predict pathologic outcome defined by pCR and both the total and in-breast RCB categories. Each
predictor variable was measured at the
four time points. Outcomes of interest
(pathologic response, RCB category)
were collected on their natural continuous or ordinal scale and then dichotomized later. Imaging markers obtained
at the first and second MR imaging examinations were of particular interest
to predict eventual treatment response.
Summary tables and simple frequen
cies were used to describe the data
and check for outliers and influential
observations. Data were cleaned and
queried according to standard operating procedures developed by ACRIN
Data Management. Scatterplots, boxplots, and q-plots were used to examine and display the data. Missing data
elements were determined to lead to
negligible differences in the analysis.
For every predictor-outcome pair
at each measurement time point, a
univariate random-effects logistic regression model was first fit (random
effects were assumed to follow a normal distribution). The response for this
model was the dichotomized outcome
Radiology: Volume 263: Number 3—June 2012
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of interest (pCR, RCB). The predictor
was defined as the change (ratio) from
baseline for each time point. A random
effect for site was used to account for
site-to-site variation; no other variables
were included in this univariate model.
All available data were used to fit each
model; thus, the number of cases varied
dependent on predictor-outcome pair
owing to variation in number of missing data by time point. This process
was repeated for each time point. The
random-effects model was expanded
to include all predictors of interest to
characterize the combined predictive
ability of these markers. The multivariate model was adjusted for race and
age as specified in the original analysis
plan (age was modeled with a restricted
cubic spline). Only main effects were
considered for three reasons: (a) This
model was postulated during the design
stage, (b) a more parsimonious model
was desired that could be validated on
other data sets, and (c) the amount of
data were appropriate for a model with
10 or fewer covariates, with the rule of
thumb that 15–20 events per covariate
is needed for a well-fit model (15).
For each regression model, the
area under the receiver operating

radiology.rsna.org

Patient Characteristics
Two hundred thirty-seven patients were
enrolled, with seven patients subsequently found to be ineligible because
of either medical contraindication (n
= 5) or ineligible medical history (n =
2), as per the I-SPY TRIAL protocol.
An additional 14 patients were not included in the imaging analysis owing
to the following kinds of incomplete
imaging data: no LD acquired at baseline MR imaging (n = 5), LD acquired
only at baseline MR imaging (n = 5), or
volume reported only for baseline MR
imaging (n = 4). This analysis included
216 women with imaging and pathologic evaluation data.
Table 1 includes the characteristics
of all eligible patients (n = 230) and
those included in the analysis (n = 216).
The median patient age in both groups
was 49 years (range, 26–68 years). The
racial distribution in the analysis set
was approximately 75% white, 19%
African-American, 4% Asian, and 2%
of other or unknown race. Four percent
of eligible patients were of Hispanic or
Latino ethnicity.
Ninety-eight percent (n = 225) of
eligible patients underwent baseline examinations (first examinations). Patients
667
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returned for subsequent examinations
in 93% of cases for the second examination (n = 213), 88% of cases for the
third examination (n = 202), and 92%
of cases for the fourth examination
(n = 211). For the analysis subset, the
numbers of examinations according to
each measurement method available for
analysis at each of the four time points
are given in Table 2.

Clinical and Pathologic Outcomes
Data collected for clinical and pathologic response (pCR, RCB) are shown in
Table 3 and are presented in Table 4 in
dichotomized form. At completion of all
chemotherapy, 41%, 42%, 8%, and 3%
of patients in the analysis set showed a
clinical complete response, partial response, stable disease, and progressive
disease, respectively. Data on clinical response were not reported at the time of
analysis for about 6% of patients. At the
time of surgery, 26% of patients in the
analysis set demonstrated pCR. Thirty-two percent of patients in the analysis
set were responders according to RCB.
For the 208 patients in whom pathologic
size data were available, the mean size
of residual disease was 23 mm (range,
0–150 mm) (Table 1). Residual disease
included DCIS in 50% of cases.
Response Prediction
For each pathologic response outcome,
AUCs for the four predictive variables
are also shown plotted for change at
the second, third, and fourth examinations in Figures 1–3. Higher AUCs
were found for MR imaging size predictors (LD and volume) than for clinical size at all measurement time points
and for all pathologic outcomes (Table
5). SER performance was lower than
that of clinical size in one instance
(prediction of RCB at the second examination). Volume AUC was higher
than all other predictor variables at the
second examination, with decreasing
advantage over other predictive variables at subsequent time points. LD
at MR imaging was a better predictor
of pCR at the fourth examination (Fig
1). The highest overall AUC at univariate analysis (0.79) was measured for
volume prediction at the fourth exami668
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Table 2
Measurements Available for Analysis in 216 Patients
Examination or Measurement
Clinical examination
Mammography
MR imaging diameter
MR imaging volume
Peak SER
RCB
In-breast RCB
Pathologic examination

Baseline (Pretreatment)
Time Point

Early Treatment
Time Point

Between-Regimens
Time Point

Presurgery
Time Point

212
206
216
173
173

203
NA
208
178
178

176
NA
199
171
171

196
188
208
178
178
195*
198*
208*

Note.—NA = not applicable.
* Both RCB determination and pathologic examination were performed after surgery.

Table 3
Response Categories
Category

Eligible Group (n = 230) Analysis Group (n = 216)

Clinical response
Complete
Partial
Stable disease
Progressive disease
Data missing
Pathologic response
0: Complete responder (no residual invasive disease)
1: Not complete responder (residual invasive
disease present)
Data missing
RCB class
0: RCB index 0
I: RCB index ! 1.36
II: 1.36 , RCB index ! 3.28
III: RCB index . 3.28
Data missing

90 (39.13)
92 (40.00)
18 (7.83)
7 (3.04)
23 (10.00)

88 (40.74)
90 (41.67)
18 (8.33)
6 (2.78)
14 (6.48)

58 (25.22)
156 (67.83)

56 (25.93)
152 (70.37)

16 (6.96)

8 (3.70)

56 (24.35)
16 (6.96)
86 (37.39)
41 (17.83)
31 (13.48)

54 (25.00)
16 (7.41)
85 (39.35)
39 (18.06)
22 (10.19)

Note.—Data are numbers of patients, with percentages in parentheses.

nation of the in-breast RCB component
(Fig 3).
Multivariate analysis generally resulted in higher AUCs than those for
individual predictors at univariate
analysis, with further increases when
age and race were considered (Table
6). For example, the early treatment
time point yielded multivariate models
adjusted for age and race that had
AUCs generally between 0.71 and 0.75,
which are higher than AUCs at univariate analysis of individual predictors. As

a first-order approximation, the lower
limits of the AUC CIs were higher for
the multivariate models than for the
univariate models, indicating that the
predictive ability of the multivariate
models was stronger.

Discussion
ACRIN 6657 is evaluating MR imaging for measuring response of primary breast cancer to chemotherapy, to determine the benefit of MR
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Table 4
Dichotomous Response Categories
Category
Pathologic response
0: Complete responder (no residual invasive disease)
1: Not complete responder (residual invasive disease present)
Data missing
RCB response
0: Responder (RCB class 0, I)
1: Nonresponder (RCB class II,III)
Data missing
In-breast RCB response
0: Responder (in-breast RCB ! median = 0.95)
1: Nonresponder (in-breast RCB . median = 0.95)
Data missing

Eligible Group
(n = 230)

Analysis Group
(n = 216)

58 (25.22)
156 (67.83)
16 (6.96)

56 (25.93)
152 (70.37)
8 (3.70)

72 (31.30)
127 (55.22)
31 (13.48)

70 (32.41)
124 (57.41)
22 (10.19)

100 (43.48)
103 (44.78)
27 (11.74)

98 (45.37)
100 (46.30)
18 (8.33)

Note.—Data are numbers of patients, with percentages in parentheses.

Figure 1
Figure 1: Graph shows AUCs
for prediction of pCR for the four
predictor variables at the early
treatment, between regimens,
and presurgery time points.
Predictors are expressed as the
ratio of value at each time point
to baseline value for tumor LD
(green), volume (orange), SER
(blue), and clinical size (red).
Solid squares = P ! .05.

imaging relative to clinical assessment
for prediction of response and risk of
recurrence. These results compared estimates of tumor size derived from clinical and MR imaging data for predicting response as determined by residual
disease at the time of surgical resection.
Consistent with current Response Evaluation Criteria in Solid Tumors guidelines, unidimensional tumor diameter
was measured with both MR imaging
and clinical assessment. In addition, a
volumetric estimate of tumor size was
Radiology: Volume 263: Number 3—June 2012
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made on the basis of functional criteria
applied to contrast-enhanced images.
The tumor volume measurement is an
aggregate of all tissue that met criteria for signal enhancement and was
dependent on parameters of the image
acquisition, including timing relative
to contrast agent injection and physiologic conditions affecting the circulation
and distribution of the contrast agent.
Hence, MR imaging tumor volume is
a functional measurement reflecting
both the size and the microvascular
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properties of tissue and may differ
from the actual tumor volume. These
automated functional volume measurements have greater sensitivity than linear measurements for capturing early
changes predicting treatment response.
ACRIN 6657 is the largest multicenter trial to date utilizing MR imaging to
measure treatment response in primary
breast cancers. As a companion trial
opened under the I-SPY TRIAL, ACRIN
6657 used a standardized breast MR
imaging method at nine institutions.
Several considerations determined
the selection of the image acquisition
approach, including the need to standardize the approach across different
system platforms at multiple institutions and the necessary image quality
requirements for clinical interpretation.
During the time frame of this study,
these requirements precluded the short
imaging times typically recommended
for dynamic contrast-enhanced MR
imaging techniques employing pharmacokinetic analysis (17,18). The contrast-enhanced method was compatible
with standard clinical breast MR imaging and balanced image quality and
resolution requirements with a threetime-point approach to obtain a lowtemporal-resolution assessment of contrast enhancement dynamics (14). The
temporal resolution used in this study
was longer than the current American
College of Radiology recommendations.
The subsequent study, performed under a 6657 protocol amendment and in
analysis under the I-SPY TRIAL, used
temporal sampling that meets the current American College of Radiology
guidelines.
AUC was used as an overall summary of predictive power to compare
alternative measurements of tumor
response, as determined by pCR and
RCB. AUC estimates using tumor volume change were superior to clinical
examination at all time points. The
greatest difference in predictive ability
occurred at the early time point. This
finding supports the hypothesis that volumetric assessment is a more accurate
measurement of tumor burden than diameter and enables earlier detection of
treatment response.
669
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When all four variables were considered in multivariate analysis, the
AUC for predicting pCR at the early
time point increased from 0.70 for
volume alone to 0.73, indicating that
combined MR imaging and clinical examination were beneficial. Additional
predictive value was gained when the
model was adjusted for age and race,
increasing further to 0.75 for the early
time point.
At the presurgery time point, the
multivariate AUC estimate in the adjusted model was 0.84, with the lower
confidence boundary at 0.78. This reflects a high degree of accuracy of MR
imaging in combination with clinical
examination for predicting pCR. Because pCR is an imperfect surrogate
end point for survival, particularly in
populations that combine all tumor subtypes, the ACRIN 6657 comparison of
tumor volume change and pCR for predicting 3-year recurrence-free survival
may provide more information about
the utility of MR imaging for response
assessment. These data are currently
being collected and analyzed.
Differences in the imaging and
pathologic methods for measuring
disease extent were recognized and
would result in an imperfect model for
any prediction or correlation. While
MR imaging depicts the enhancing
areas of tumors, the volumetric assessment measures only the tumor
portion that meets predetermined enhancement thresholds, including both
invasive and noninvasive disease. pCR
is based on the absence of invasive
disease, and therefore, patients with
residual DCIS are still considered to
have pCR. RCB measurements made in
gross specimens can miss the presence
of DCIS that falls outside the invasive
tumor bed. These differences may contribute to the only moderate AUCs in
this study.
Tumor hot spot measurement using
the peak SER was less effective than
volume at the second examination but
showed equal predictive ability to volume at the third- and fourth-examination time points. The reason for lower
performance at the second examination
remains unclear, but may involve the
670
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Figure 2
Figure 2: Graph shows AUCs
for prediction of RCB for the four
predictor variables at the early
treatment, between regimens,
and presurgery time points.
Predictors are expressed as the
ratio of value at each time point
to baseline value for tumor LD
(green), volume (orange), SER
(blue), and clinical size (red).
Solid squares = P ! .05.

Figure 3
Figure 3: Graph shows AUCs
for prediction of the in-breast
RCB component for the four
predictor variables at the early
treatment, between regimens,
and presurgery time points.
Predictors are expressed as the
ratio of value at each time point
to baseline value for tumor LD
(green), volume (orange), SER
(blue), and clinical size (red).
Solid squares = P ! .05.

timing of the MR imaging examination.
At 2 weeks after the first chemotherapy administration, the acute effects of
treatment have subsided and MR imaging measurements reflect only persistent changes. Continuing studies under
the 6657 protocol extension include
single-voxel MR spectroscopy measurement of choline and tumor volume
measurements in an earlier and morenarrow window following treatment

and may offer insight into this potential
effect.
As discussed, this study used a lowtemporal-resolution dynamic contrastenhanced approach that precluded
the use of pharmacokinetic modeling.
A limitation of our study was that the
SER metric used to define tumor volume is likely suboptimal to the more
physiologically interpretable estimates
of the rate constant and blood volume

radiology.rsna.org
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Table 6
Multivariate Logistic Regression Models
Adjusted Random-Effects Multivariate Logistic Model†

Random-Effects Multivariate Logistic Model*
Time Point
Early treatment
Between regimens
Presurgery

pCR

RCB

In-Breast RCB

pCR

RCB

In-Breast RCB

0.73 (0.65, 0.82)
0.77 (0.69, 0.86)
0.83 (0.76, 0.90)

0.66 (0.57, 0.76)
0.76 (0.67, 0.84)
0.80 (0.72, 0.87)

0.68 (0.59, 0.77)
0.80 (0.72, 0.88)
0.83 (0.76, 0.90)

0.75 (0.67, 0.84)
0.79 (0.71, 0.87)
0.84 (0.78, 0.91)

0.71 (0.62, 0.80)
0.77 (0.68, 0.85)
0.81 (0.74, 0.88)

0.73 (0.64, 0.81)
0.82 (0.74, 0.89)
0.84 (0.77, 0.90)

Note.—Data are AUCs, with 95% CIs in parentheses. For all values, P , .05 for testing that AUC = 0.5. For each of the measurements used as predictors, the ratios from baseline were applied to
evaluate change. For pCR, the dichotomy was 0 versus 1, for RCB it was RCB classes 0 and I versus II and III, and for in-breast RCB it was the median cutoff.
* In this model, predictors were LD, volume, SER, and clinical size ratios, while the random effect was site.
†

Adjusted for age (with cubic spline) and race.

Table 5
AUC Results
Time Point and Predictor
Early treatment ratio
LD
Volume
SER
Clinical size
Between-regimens ratio
LD
Volume
SER
Clinical size
Presurgery ratio
LD
Volume
SER
Clinical size

pCR

RCB

In-Breast RCB

0.64 (0.55, 0.73)*
0.70 (0.61, 0.79)*
0.57 (0.46, 0.68)
0.56 (0.47, 0.66)

0.59 (0.51, 0.68)*
0.66 (0.56, 0.76)*
0.55 (0.45, 0.66)
0.57 (0.48, 0.65)

0.58 (0.50, 0.66)*
0.68 (0.59, 0.76)*
0.57 (0.47, 0.66)
0.56 (0.48, 0.64)

0.68 (0.59, 0.77)*
0.72 (0.63, 0.81)*
0.71 (0.62, 0.80)*
0.63 (0.54, 0.71)*

0.69 (0.61, 0.77)*
0.69 (0.60, 0.78)*
0.70 (0.61, 0.79)*
0.62 (0.53, 0.70)*

0.68 (0.60, 0.75)*
0.76 (0.68, 0.84)*
0.73 (0.65, 0.81)*
0.62 (0.53, 0.70)*

0.75 (0.67, 0.83)*
0.70 (0.62, 0.78)*
0.71 (0.64, 0.77)*
0.68 (0.61, 0.75)*

0.72 (0.65, 0.80)*
0.72 (0.63, 0.80)*
0.70 (0.62, 0.77)*
0.67 (0.60, 0.74)*

0.74 (0.67, 0.81)*
0.79 (0.72, 0.87)*
0.75 (0.67, 0.82)*
0.71 (0.64, 0.78)*

Note.—Data are AUCs, with 95% CIs in parentheses. For pCR, the dichotomy was 0 versus 1, for RCB it was RCB classes 0 and
I versus II and III, and for in-breast RCB it was the median cutoff.
* P , .05 for testing that AUC = 0.5.

derivable from pharmacokinetic modeling. Dynamic contrast-enhanced protocols with higher temporal resolution
are becoming more readily available on
commercial imaging units and will allow
more advanced dynamic contrast-enhanced methods to be implemented in
standardized conditions in breast cancer clinical trials. However, standardization of quantitative imaging in general
remains a challenge. While compliance
with MR imaging examinations in this
study was very good, 131 (16%) of the
total 831 MR imaging studies performed
could not be analyzed to measure tumor
Radiology: Volume 263: Number 3—June 2012
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volume because of poor image quality,
motion artifact, or insufficient postcontrast imaging. This failure rate may be
unreasonably high if tumor volume is
to be applied prospectively as a predictive biomarker. This limitation can be
addressed with increased training and
continuous quality monitoring.
Continuing analysis will address
the ACRIN 6657 trial’s primary aim to
determine the ability of MR imaging–
based measurements to predict 3-year
recurrence-free survival, relative to clinical and pathologic response measures.
The major question to be answered is

radiology.rsna.org

how MR imaging measurements compare with pCR and RCB as intermediate end points for survival, particularly
among the subgroups of patients with
high-risk molecular signatures. Data
emerging from the I-SPY TRIAL provide
important evidence that recurrence risk
varies substantially among tumor subtypes (10). Further analysis will explore
imaging phenotypes associated with the
molecular and genetic profiles of highand low-risk breast cancers.
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