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Purpose: To retrospectively evaluate high-spatial-resolution signal
enhancement ratio (SER) imaging for the prediction of
disease recurrence in patients with breast cancer who
underwent preoperative magnetic resonance (MR) imag-
ing.

Materials and
Methods:

This retrospective study was approved by the institutional
review board and was HIPAA compliant; informed consent
was waived. From 1995 to 2002, gadolinium-enhanced MR
imaging data were acquired with a three time point high-
resolution method in women undergoing neoadjuvant
therapy for invasive breast cancers. Forty-eight women
(mean age, 49.1 years; range, 29.7–72.4 years) were di-
vided into recurrence-free or recurrence groups. Volume
measurements were tabulated for SER values between set
ranges; cutoff criteria were defined to predict disease re-
currence after surgery. Wilcoxon rank sum tests and the
multivariate Cox proportional hazards regression model
were used for evaluation.

Results: Breast tumor volume calculated from the number of voxels
with SER values above a threshold corresponding to the
upper limit of mean redistribution rate constant in benign
tumors (0.88 minutes�1) and the volume of cancerous
breast tissue infiltrating into the parenchyma were impor-
tant predictors of disease recurrence. Seventy-five percent
of patients with recurrence and 100% of deceased patients
were identified as being at high risk for recurrence. Thirty
percent of patients with recurrence and 67% of deceased
patients were identified as having high risk before chemo-
therapy. No patients in the recurrence-free group were
misidentified as likely to have recurrence. All three pre-
chemotherapy parameters (total tumor volume, tumor vol-
umes with high and low SER) and the postchemotherapy
tumor volume with high SER were significantly different
between the two groups. The multivariate Cox propor-
tional hazards regression showed that, of the three pre-
chemotherapy covariates, only the low SER and high SER
tumor volumes (P � .017 and .049, respectively) were
significant and independent predictors of tumor recur-
rence. Tumor volume with high SER was the only signifi-
cant postchemotherapy covariate predictor (P � .038).

Conclusion: High-spatial-resolution SER imaging may improve predic-
tion for patients at high risk for disease recurrence and
death.
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Dynamic contrast material–enhanced
magnetic resonance (MR) imaging
has been used to differentiate be-

tween benign and malignant breast tu-
mors (1–10). Prior studies have also in-
volved a comparison between dynamic
contrast-enhanced MR imaging findings
and prognostic indicators in breast can-
cer (11–17). However, to our knowl-
edge, there have been few published re-
ports to support the prognostic value of
contrast-enhanced breast MR imaging
for the stratification of patients into
good versus poor prognostic categories
(15,18).

High-spatial-resolution signal en-
hancement ratio (SER) imaging has the
advantage of being able to depict the
heterogeneous microvascular network
in breast cancers (19,20). SER is de-
fined as (S1 � S0)/(S2 � S0), where S0,
S1, and S2 represent the signal intensity
of each voxel on the precontrast, first
postcontrast, and second postcontrast
images, respectively (19,21). We have
found a close relationship between SER
and a commonly analyzed pharmacoki-
netic parameter, the redistribution rate
constant (kep), on the basis of a two-
compartment pharmacokinetic model
(22). We have also shown that a mo-
notonic mathematical relationship be-
tween SER and kep could be established
if the acquisition parameters and the
two postinjection time points of SER

were appropriately chosen (23). On the
basis of these results, two hypotheses
with respect to deriving parameters for
predicting disease recurrence by using
SER imaging can be formed:

1. The first hypothesis is that the
volume (in voxels) of malignant breast
tissue, which is characterized by a SER
value above the threshold correspond-
ing to the upper limit value of mean kep

in benign breast tumors (approximately
equal to 0.88 minutes�1 [24]), is an im-
portant predictor of disease recurrence.

Knopp et al (24) reported that the
kep (denoted as k21 in their article) value
was significantly lower (P � .001) in
benign breast lesions (mean kep, 0.56
minutes�1 � 0.32) than in malignant le-
sions (mean kep, 1.51 minutes�1 � 1.04).

2. The second hypothesis is that the
volume (in voxels) of malignant tissue
infiltrating into the breast parenchyma,
which can be observed on a high-spa-
tial-resolution SER map, is also an im-
portant predictor of disease recurrence.

It has been reported that some ma-
lignant lesions do not enhance rapidly.
These lesions tend to have less well-
defined borders and can be more diffuse
and infiltrate into surrounding breast
tissue (25,26). Results from a previous
study (27) in a mouse model of human
breast cancer showed that the majority
of the newly developed tumor voxels in
animals without therapy had low values
for the transfer constant (� 0.06 min-
utes�1), with the use of gadopentetate
dimeglumine. The value of the fractional
volume of extravascular extracellular
space (ve) for breast tumors ranged
from 0.3 to 1.0 (9,28,29). Thus, kep ('

transfer constant/ve) of newly devel-
oped cancerous voxels infiltrating into
the breast parenchyma would be ex-
pected to be less than 0.2 minutes�1.

The specific aim of our study was to
retrospectively evaluate high-spatial-
resolution SER imaging for the predic-
tion of disease recurrence in patients
with breast cancer who underwent pre-
operative MR imaging.

Materials and Methods

Participants
Our study was institutional review board
approved and Health Insurance Portability
and Accountability Act compliant. Our
study was a retrospective analysis of a
subset of patients who participated in a
prospective institutional review board–
approved Health Insurance Portability
and Accountability Act–compliant study
where all participants had provided in-
formed consent. Informed consent for
participation in our retrospective study
was waived by our institutional review
board. We included 48 consecutive
women with primary invasive breast
cancers verified at histopathologic ex-
amination and who preoperatively un-
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Advances in Knowledge

� The signal enhancement ratio
(SER) of breast tumors measured
at high-spatial-resolution dynamic
contrast-enhanced MR imaging
with acquisition of data at three
time points was closely related to the
redistribution rate constant (kep).

� The volume of tumor with high
SER corresponding to kep greater
than 0.88 minutes�1 could help
predict tumor recurrence.

� The volume (in voxels) of malig-
nant tissue infiltrating into the
breast parenchyma was predictive
of tumor recurrence; such infil-
trating voxels were of low SER
corresponding to kep less than
0.20 minutes�1.

Implications for Patient Care

� Tumor volume measures on the
basis of SER values, combined
with spatial pattern of SER images
obtained at high-spatial-resolution
dynamic contrast-enhanced MR
imaging, can be used to help iden-
tify those breast tumors at high
risk for disease recurrence even
prior to preoperative chemother-
apy.

� Our findings may be of potential
value for treatment strategies.
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derwent four cycles of therapy (doxo-
rubicin and cyclophosphamide) be-
tween April 1995 and March 2002.
Patient ages ranged from 29.7 to 72.4
years (mean age, 49.1 years) at treat-
ment. Contrast-enhanced MR imaging
was performed before and after neoad-
juvant chemotherapy.

On the basis of the most recent
follow-up information as of August
2007, 20 of the 48 patients had recur-
rent disease, with a median recur-
rence time of 22 months (maximum,
68 months). Nine of the 20 patients
were deceased by the final follow-up,
with a median survival time of 32
months (range, 7–75 months). All of
the 28 patients without recurrence
had a minimum of 5 years of follow-up
(median, 90.6 months; range, 64.7–
128.5 months). They were assigned to
group 1. The 20 patients with recur-
rence were assigned to group 2.

MR Imaging Acquisition
MR imaging was performed with a 1.5-T
imager (Signa; GE Medical Systems,
Milwaukee, Wis). Three phased-array
breast coils, a closed breast coil (GE
Medical Systems), and two open breast
coils (MRI Devices, Waukesha, Wis)
were used during the periods 1995,
1996–2000, and 2000–2002, respec-
tively. Contrast-enhanced MR imaging
of the breast was performed with the
acquisition of data at three time points:
one precontrast acquisition followed by
two postcontrast acquisitions obtained
in two consecutive 5-minute intervals. A
three-dimensional fast gradient-recalled-
echo imaging sequence was performed
to produce high-spatial-resolution, fat-
suppressed images with full coverage of
the symptomatic breast. Imaging pa-
rameters included the following: repeti-
tion time msec/echo time msec, 8/4.2;
flip angle, 20°; number of signals ac-
quired, two; acquisition matrix, 256 �
192 � 60; and section thickness, 2 mm.
The field of view was 18–20 cm, de-
pending on patient size, and resulted in
an in-plane resolution of approximately
0.70 � 0.94 mm. The contrast agent,
gadopentetate dimeglumine (Magnevist;
Schering, Berlin, Germany), was adminis-
tered intravenously at a dose of 0.1

mmol per kilogram of body weight. For
the majority of the patients who were
imaged in 1996 or later, injections were
performed with an MR-compatible re-
mote-controlled power injector (Spec-
tris; Medrad, Indianola, Pa) at a rate of
1.2 mL/sec. For patients imaged earlier,
injections were performed by using
hand injection at a rate of approxi-
mately 1.0–1.2 mL/sec. Contrast mate-
rial injection was followed by a 10-mL
saline flush administered at the same
flow rate. The central phase-encoding
lines of each data set were acquired
halfway through the acquisition, yield-
ing effective postcontrast sample times
of 2.5 and 7.5 minutes.

Simulation of SER versus kep Curves
The relationship between SER and kep

was simulated on the basis of MR imag-

ing parameters and time points used
in the acquisition of SER data in our
study (Appendix E1, http://radiology
.rsnajnls.org/cgi/content/full/248/1/79
/DC1). Theoretical SER versus kep

curve was generated by using an array
of “true” kep values ranging from 0.1 to
2.0 minutes�1 with an increment of 0.1
minutes�1 and two values of ve (0.3 or
0.6). For each given kep and ve value,
eight SERs were generated with an ar-
ray of native longitudinal relaxation
rates (R10) that ranged from 0.77 to
1.67 sec�1 (30). Means and standard
deviations of the eight SERs were ob-
tained. The mean was used in plotting
the SER versus kep curve, and the
standard deviation was used to depict
the variability of SER resulting from
variation in the R10 values of the tis-
sue. A previously reported vascular in-

Figure 1

Figure 1: MR imaging study results before and after
four cycles of chemotherapy in a 39-year-old woman
in the recurrence-free group. (a) Representative color-
coded SER maps overlaid on corresponding gray-
scale images of first postcontrast acquisition (three-
dimensional fast gradient-recalled echo, 8/4.2, 20°
flip angle) before (top row) and after (bottom row) che-
motherapy. (b) SER histogram produced from whole
tumor. Solid line � before chemotherapy, dashed
line � after chemotherapy.
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put function (23) was used in the sim-
ulations. The SER values correspond-
ing to kep of 0.2 and 0.88 minutes�1

were estimated on the basis of the
simulated SER versus kep curves.

SER Image Data and Statistical Analysis
SER maps were generated (J.E.G.) and
analyzed (K.L.L.) by using in-house soft-
ware written in Interactive Data Lan-
guage (Research Systems, Boulder, Colo).
SER was calculated only for voxels
with substantial initial enhancement
(ie, [S1 � S0]/S0 � 70%) (21). SER
histograms and maps were produced
for each tumor before and after neo-
adjuvant chemotherapy. Color-coded
SER maps overlaid on corresponding
gray-scale contrast-enhanced images
were used for lesion morphologic as-
sessment.

Group histograms of SER, calcu-
lated by pooling together all tumors in
each of the two groups and then normal-
izing by the number of patients in the
group, were plotted on the same graph
for comparison. The SER histograms
were segmented into three ranges ac-
cording to the SER values correspond-
ing to kep of 0.2 and 0.88 minutes�1.

The number of voxels in the low SER
range and in the high SER range was
calculated for each tumor before and
after chemotherapy. In addition, the ini-
tial and final total tumor volumes, de-
fined as the number of voxels with non-
zero SER values, were calculated for
each tumor.

To assess how groups differed with
regard to each of these SER-segmented
volume variables, box-and-whisker dia-
grams were drawn for each of the two
groups, and Wilcoxon rank sum tests
were performed. If for any of these vari-
ables the maximum value in the recur-
rence-free group was much lower than
the maximum value in the recurrence
group, a value just above the maximum
in the recurrence-free group was cho-
sen as a criterion to identify patients at
high risk for disease recurrence. More-
over, in a multivariate Cox proportional
hazards regression model, the associa-
tion of these SER-segmented volume
variables (in cubic centimeters) with re-
currence was assessed. The disease-
free survival time, which was the time
between surgery and latest follow-up
date (for the recurrence-free group as
censored observations) or recurrence

date (for the recurrence group), was
the dependent variable in the Cox anal-
ysis.

Consideration of SER Predictor with Other
Prognostic Factors in Breast Cancer
Histopathologic data were obtained
from routine diagnostic studies as part
of the original prospective study. To
consider SER predictors along with tra-
ditional prognostic factors, such as can-
cer type, pathologic tumor size (the
amount of residual disease measured at
pathologic examination after surgery),
and lymph node status, we divided the
48 patients with invasive breast carci-
noma into two groups: the invasive lob-
ular carcinoma group—which was the
only special-type carcinoma encoun-
tered in the study population—and car-
cinomas of no special type group—
which included patients with invasive
ductal carcinoma, not otherwise speci-
fied carcinoma, and inflammatory
breast cancer. For patients with inva-
sive lobular carcinoma, a prognostic in-
dex (Iilc) was proposed as the combina-
tion of lymph node positivity (number of
positive lymph nodes at surgery),
pathologic tumor size, and patient age.
The value of the prognostic index was
assigned as 1 if the number of positive
lymph nodes at surgery was 6.0 or
higher, pathologic tumor size was 6.0
cm or larger, and age was younger than
70 years for unfavorable prognosis; oth-
erwise the prognostic index was as-
signed as 0. Because patients in the 70–
80-year age group have been reported
to have the highest 5-year cancer-spe-
cific survival (31), we associated pa-
tients with invasive lobular carcinoma
between 70 and 80 years old with a
favorable prognosis. For each of the two
subsets of patients (invasive lobular car-
cinoma or carcinomas of no special
type), Kaplan-Meier analysis was used
to compare disease survival between
the two prognostic index levels (0 or 1),
which would assess the prognostic value
of the Iilc in the two subsets of patients.
For patients with carcinomas of no spe-
cial type, we investigated the possibility
of lowering the criteria in the seg-
mented low SER tumor volume to iden-
tify more patients with carcinomas of no

Figure 2

Figure 2: Segmentation of SER histograms based on computer-simulated SER versus kep curves. Left: SER
versus kep curves simulated by using acquisition conditions applied to current data and method described in
Appendix E1 (http://radiology.rsnajnls.org/cgi/content/full/248/1/79/DC1 ). Solid curve was simulated with
ve at 0.3; dotted curve was simulated with ve at 0.6. Right: Prechemotherapy group histogram of SER seg-
mented into three regions: SER of 0.47– 0.71, more than 0.71 to 1.45, and more than 1.45; corresponding kep

values are shown on simulated kep versus SER curve (left). SD � standard deviation.
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special type at high risk for disease re-
currence by using combined consider-
ation of SER predictor with lymph node
status.

Statistical analyses (K.L.L. and Y.L.
by consensus) were performed by using
software (S-Plus, version 6.1; Insightful,
Seattle, Wash). A P value less than .05
was considered to indicate a statistically
significant difference.

Results

SER Image Data Analysis
Representative SER maps from a patient in
the recurrence-free group (Fig 1a) and the
corresponding histogram (Fig 1b) showed
that chemotherapy substantially reduced
the tumor volume, especially the num-
ber of voxels with high SER values.

For both ve values, the values of SER
are closely correlated with kep across
the kep range of 0–1 minute�1 but ex-
hibit a plateau when kep is higher than 1
minute�1 (Fig 2a). Moreover, at kep ap-
proximately equal to 0.5 minutes�1,
SER versus kep curves with different ve

values start to diverge: The one with a
lower ve value shows larger dynamic
range than the one with a higher ve

value. The standard deviations in the
simulated SER versus kep curves were
small (�0.01), which indicates that
variation in the R10 values of the tissue
has little effect on the SER values and
the relationship between SER and kep.
The SER values corresponding to kep

approximately equal to 0.2 minutes�1

and kep approximately equal to 0.88
minutes�1 are approximately 0.71 and
1.45, respectively, as depicted from the
SER versus kep curves (Fig 2a). The
group histogram of SER (Fig 2b) was
therefore segmented into three ranges:
0.47–0.71 (low SER), more than 0.71 to
1.45, and more than 1.45 (high SER).
As shown in Figure 3, three prechemo-
therapy parameters (total tumor vol-
ume and tumor volumes with high and
low SER) and the postchemotherapy tu-
mor volume with high SER were signifi-
cantly different between patients with
and those without recurrence. How-
ever, there was a large overlap in the
values of the initial tumor size between

the two groups. For each of the other
five parameters, a high-value range
could be found that included only tu-
mors in the recurrence group. Accord-
ingly, cutoff criteria were chosen for
each of the five parameters (depicted as
dashed lines in Figure 3): 10 000 voxels
(�11.0 cm3) for low SER both before
and after chemotherapy, 6000 voxels
(�6.6 cm3) for high SER before chemo-
therapy, 1000 voxels (�1.1 cm3) for high
SER after chemotherapy, and 12 000 vox-

els (�13.2 cm3) for total volume after
chemotherapy.

Table 1 summarizes the results of
applying these cutoff criteria of seg-
mented tumor volume to the study pop-
ulation for the prediction of disease re-
currence. Some patients were predicted
to have recurrence by more than one
criterion. Accounting for this overlap, a
total of 50% (10 of 20) of patients with
recurrence were identified, and no pa-
tients in the recurrence-free group were

Figure 3

Figure 3: Comparison of the number of voxels with high (hypothesis 1) and low (hypothesis 2) SER be-
tween recurrence-free group (group 1) and recurrence group (group 2). Box-and-whisker plots (a– c) before
chemotherapy and (d–f) after chemotherapy. (a, d) SER is between 0.47 and 0.71. (b, e) SER is greater than
1.45. (c, f) All voxels with nonzero SER. Interquartile range (ie, 25%–75%) is shown by box, extreme values
are shown by whiskers, and median is shown by bar within the box. P value of the difference between the two
groups was evaluated with Wilcoxon rank sum test. Dashed lines � cutoff criteria.
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misidentified as likely to have recur-
rence on the basis of these criteria. SER
maps for the six tumors in the recur-
rence group (Fig 4), which were identi-

fied by using prechemotherapy high and
low SER predictors, showed that the
two SER parameters provided comple-
mentary information for individual pre-

diction. The six patients with recur-
rence identified with prechemotherapy
SER predictors were all deceased at fi-
nal follow-up and accounted for three-
quarters of the total number of de-
ceased patients.

The multivariate Cox proportional
hazards regression analysis (Table 2)
showed that, of the three prechemo-
therapy covariates, only the low SER and
high SER tumor volumes (P � .017 and
.049, respectively) were significant and
independent predictors of tumor recur-
rence. In contrast, of the three postche-
motherapy covariates, tumor volume
with high SER (P � .038) was the only
significant predictor.

Consideration of SER Predictor with Other
Prognostic Factors in Breast Cancer
The Kaplan-Meier survival analysis showed
that a higher sensitivity was achieved when
applying the Iilc in patients with invasive lob-
ular carcinoma (Fig 5a) compared with
that when applying the prognostic index
in patients with carcinomas of no special
type (Inst) (Fig 5b). For both invasive lob-
ular carcinoma and carcinomas of no spe-
cial type, patients with a prognostic index
value of 0 demonstrated significantly bet-
ter survival than those with a prognostic
index value of 1. However, the signifi-
cance with respect to survival between
the two prognostic index levels was
much stronger in patients with invasive
lobular carcinoma than that in patients
with carcinomas of no special type.

For patients with carcinomas of no
special type with prechemotherapy low
SER tumor volume lower than the crite-
rion of 10 000 voxels but above 6500 vox-
els, an Inst was proposed by combining the
criteria of prechemotherapy low-SER tu-
mor volume of 6500–10 000 voxels with
the lymph node status of the number of
positive lymph nodes being more than 0.
Three more patients with recurrence
were identified, with no patients in the
recurrence-free group misidentified as
likely to have recurrence.

Overall, as shown in Table 3, 75% (15
of 20) of patients with recurrence and
100% (nine of nine) of deceased patients
were identified as being at high risk for
disease recurrence. Moreover, 30% (six
of 20) of patients with recurrence and

Figure 4

Figure 4: SER maps of tumors in recurrence group identified from SER images acquired before neoadju-
vant chemotherapy (three-dimensional fast gradient-recalled echo, 8/4.2, 20° flip angle). SER maps were
color-coded in red (SER values � 1.45, high SER), yellow (SER values more than 0.71 to 1.45), and blue (SER
values 0.47– 0.71, low SER). Top row: Tumors with a number of blue voxels above a cutoff level of 10 000
voxels (ie, 11.0 cm3). (Note that low SER voxels follow an infiltrative pattern through the parenchyma rather
than forming a discrete mass.) Bottom row: Tumors with a number of red voxels (rapidly enhancing tissue)
above a cutoff level of 6000 voxels (ie, 6.6 cm3).

Table 1

Prediction of Disease Recurrence on the Basis of Size of Segmented Tumor Volume

Parameter Cutoff Criteria*

No. of Patients with Predictor Values
above Cutoff Criteria†

Recurrence-Free
Group (n � 28)

Recurrence
Group (n � 20)

Before chemotherapy
Lesion volume with low SER (0.47–0.71) 10 000 (11.0) 0 (0) 3 (15)
Lesion volume with high SER (�1.45) 6000 (6.6) 0 (0) 3 (15)

After chemotherapy
Lesion volume with low SER (0.47–0.71) 10 000 (11.0) 0 (0) 2 (10)
Lesion volume with high SER (�1.45) 1000 (1.1) 0 (0) 5 (25)
Total volume with SER more than 0 12 000 (13.2) 0 (0) 7 (35)

Total number of patients who met at least
one of the criteria‡ 0 (0) 10 (50)

* Data are number of voxels, with equivalent volume in cubic centimeters in parentheses.
† Data in parentheses are percentages.
‡ Note that some patients were predicted to have recurrence by more than one criterion (see Table 3). The total number is
therefore not the sum of the number predicted by individual criteria.
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67% (six of nine) of deceased subjects
were identified from the data obtained
prior to chemotherapy. None of patients
in the recurrence-free group were misi-
dentified as likely to have recurrence.

Discussion

In our study, we measured tumor vol-
ume segmented by using set ranges of
SER values from high-spatial-resolution
dynamic contrast-enhanced MR imag-
ing data. The major findings are as fol-
lows: (a) The size of the segmented tu-
mor volume with high SER correspond-
ing to a kep of more than 0.88 minutes�1

could predict tumor recurrence; (b) The
size of tumor volume (in voxels) of can-
cerous tissues infiltrating into the breast
parenchyma could also be used to predict
tumor recurrence. Such infiltrating voxels
demonstrated low SER corresponding to
a kep of less than 0.20 minutes�1; and
(c) Combined use of these SER predic-
tors with the traditional prognostic fac-
tors could further improve the predic-
tion of prognosis for patients at high
risk for disease recurrence and death.

The SER predictors based on the
two presented hypotheses enabled the
identification of a subgroup of patients
at high risk for recurrence, without the
miscategorization of patients who did
not have recurrence. While the kep

value was previously shown to be signif-
icantly (P � .001) different between be-
nign and malignant lesions (24), this pa-
rameter had a broad overlap between
lesion types. Similarly, while the initial
(prechemotherapy) tumor volume was
significantly (P � .006) different be-
tween the recurrence group and the
nonrecurrence group, there was also
broad overlap. These two variables are
therefore of only limited diagnostic use
in the individual patient (10). In con-
trast, the predictors derived in our
study, defined as tumor volume mea-
surements (in voxels) for set ranges of
SER (or kep) values, involved both mi-
crovascularity and size information and
enabled the identification of more than
half the patients with recurrence, with-
out the miscategorization of any pa-
tients in the recurrence-free group as
likely to have recurrence.

The most interesting finding of our
study was the prognostic importance of
the prechemotherapy volume of the in-
filtrating cancerous tissues with low
SER values. Of note, color-coded SER
maps overlaid on gray-scale contrast-
enhanced images demonstrated a fine
diffuse infiltrative pattern of these low
SER (blue) voxels within the paren-
chyma—a finding that might not be ap-
parent if imaging with a lower spatial
resolution. As is well known, the grow-
ing tumor tissue is fed by diffusion from
the surrounding tissue until it reaches
1–2 mm in size (17). Once it gets this
large, its viability depends on new capil-
lary formation. The low SER value asso-
ciated with the cancerous tissues infil-
trating into the breast parenchyma may
represent newly developed viable tumor

tissue where angiogenesis is still in prog-
ress. Another explanation is that infiltra-
tion is a process where a tumor grows
into adjacent tissues along either vessels
or lymphatics, and the voxel SER value
measured with the infiltrating cancer-
ous tissue reflects the partial volume ef-
fects of cancerous and normal tissues.
Combined use of the prechemotherapy
high SER predictor and low SER predic-
tor will improve the prognostic value of
this technique. As previously described,
early prediction of failure is most impor-
tant in treatment planning (32).

In contrast to traditional quantita-
tive methods with multicompartmental
models, one of the advantages of the
SER method is that R10 calibration is not
needed. The R10 of the breast tumor
tissue may have a wide range of values.

Figure 5

Figure 5: Graphs show comparison of value of prognostic index on recurrence in (a) patients with invasive lobu-
lar carcinoma (including two patients with both invasive ductal carcinoma and invasive lobular carcinoma) and (b)
patients with carcinomas of no special type by using Kaplan-Meier survival analysis. DFS�disease-free survival.

Table 2

Results of Multivariate Cox Proportional Hazards Regression Analysis of Pre- and
Postchemotherapy SER Indicators Associated with Recurrence in 48 Patients

Predictor* Relative Risk Estimate 95% Confidence Interval P Value

Before chemotherapy
Lesion volume with low SER (0.47–0.71) 1.13 1.022,1.26 .017
Lesion volume with high SER (�1.45) 1.22 1.001,1.50 .049
Total volume with SER more than 0 1.00 0.974,1.02 .930

After chemotherapy
Lesion volume with low SER (0.47–0.71) 1.01 0.832,1.23 .920
Lesion volume with high SER (� 1.45) 1.38 1.018,1.87 .038
Total volume with SER more than 0 1.03 0.992,1.06 .130

* All predictors were in cubic centimeters.
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The precise value makes a pronounced
difference to the enhancement curve
and must be taken into account in the
analysis of the curve, whatever model is
used. R10 should be measured as accu-
rately as possible, and this may become
a limiting factor in the use of the phar-
macokinetic model method for charac-
terization of tumors (28). Results of re-
cent simulation work (23) have demon-
strated that SER is a close estimate of
the contrast agent concentration ratio
at the first and second time points when
acquired with a large flip angle (�40°).
In the two-compartment model, the ra-
tio can be made to monotonically relate
to kep by choosing appropriate delay
times for the postcontrast measurements
(eg, first time point � 1 minute) (23).

In our study, we resimulated the re-

lationship between SER and kep on the
basis of the acquisition conditions ap-
plied to the data collected between 1995
and 2002. With the time points of 2.5
and 7.5 minutes, the SER maintains
the monotonic relationship with kep

across the kep range of 0–1 minute�1,
although it exhibits a plateau where kep

is higher than 1 minute�1. In addition,
with the relatively low flip angle (20°)
used in our study, the dynamic range of
the SER curve is affected by the value of
ve. Despite these undesirable features,
the simulated SER versus kep curves
were still instructive in formulation of
the hypotheses for predicting disease
recurrence by using SER imaging. The
breast tumor volume with SER values
above a threshold corresponding to the
upper limit of mean kep in benign tu-

mors, 0.88 minutes�1 (24), and the vol-
ume of cancerous breast tissue infiltrat-
ing into the parenchyma were impor-
tant predictors of disease recurrence.

Another limitation was that the cut-
off criteria of predictor variables to sep-
arate higher or lower risk patients in
our study may be data dependent and
may need to be validated in a prospec-
tive study. Larger patient populations
receiving the same treatment methods
should be studied to further evaluate the
prognostic value of the SER indicators
and to refine the proper cutoff criteria.

In conclusion, our study results demon-
strate that the size of tumor volume seg-
mented by using set ranges of SER val-
ues, combined with the spatial pattern
of SER images obtained at high-spatial-
resolution dynamic contrast-enhanced

Table 3

Characteristics of Patients in Recurrence Group

Patient No./
Age (y) Cancer Type

Recurrence
Type

Time to
Recur (wk)*

Survival
Time if
Deceased
(wk)†

Predictor

Prechemotherapy SER Postchemotherapy SER
Iilc Applied
in Patients
with ILC

Inst Applied
in Patients
with NST0.47–0.71 �1.45 0.47–0.71 �1.45 �0

1/42.45‡ IDC Metastasis �12.4§ 286.8 No Yes No No Yes NA No
2/50.24‡ IDC Local-regional 14.4 30.3 No No No Yes Yes NA No
3/48.45 IDC and ILC Local-regional 23.0 No No No No No Yes NA
4/50.71‡ IDC Local-regional 25.0 109.0 Yes No No No No NA No
5/50.27‡ NOS NA 26.7 216.6 No Yes No Yes Yes NA No
6/41.19‡ IDC Local-regional 30.3 NA Yes No Yes Yes Yes NA No
7/40.77 IDC Local-regional 39.0 No No No No No NA No
8/49.40‡,� Inflam Metastasis 66.9 NA No No NA NA NA NA Yes
9/40.16‡ ILC Metastasis 82.0 141.1 No Yes Yes No Yes Yes NA

10/52.40‡ IDC Metastasis 82.0 127.7 Yes No No No Yes NA No
11/51.40 IDC Metastasis 109.9 No No No Yes No NA No
12/56.17 NOS Metastasis 143.4 No No No No No NA No
13/60.67 ILC Metastasis 148.1 No No No Yes No Yes NA
14/48.29‡ IDC Local-regional 176.3 324.3 No No No No No NA Yes
15/32.04 IDC Metastasis 182.4 No No No No No NA No
16/33.02 ILC Metastasis 216.3 No No No No No Yes NA
17/37.51 IDC Metastasis 234.1 No No No No No NA No
18/37.32 IDC Metastasis 280.9 No No No No Yes NA No
19/45.98 IDC Local-regional 285.1 No No No No No NA Yes
20/49.32 IDC Metastasis 295.4 No No No No No NA No

Note.—The patients identified with the SER predictors and/or the two combined indexes are indicated by “Yes.” IDC � invasive ductal carcinoma, ILC � invasive lobular carcinoma, Inflam �
inflammatory breast cancer, NA � not available/applicable, NOS � carcinoma not otherwise specified, NST � carcinomas of no special type.

* Time in weeks between surgery and recurrence date.
† Survival time in weeks between surgery and death date.
‡ Patient is deceased.
§ In this patient, the primary cancer shrank by 80% after four cycles of neoadjuvant chemotherapy and was removed at mastectomy. However, distant metastases were diagnosed 12.4 weeks before
the surgery.
� This patient missed the postchemotherapy MR imaging examination.
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MR imaging, can be used to help iden-
tify those breast tumors at high risk for
disease recurrence with high specificity
even prior to preoperative chemother-
apy. These findings may be of potential
value for treatment strategies, as high-
risk patients could be given more aggres-
sive treatment regimens (when preche-
motherapy prediction is given) or receive
additional treatment and monitoring.
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