
Predicting Pathologic Response
to Neoadjuvant Chemotherapy in
Breast Cancer by Using MR
Imaging and Quantitative 1H MR
Spectroscopy1

Hyeon-Man Baek, PhD
Jeon-Hor Chen, MD
Ke Nie, PhD
Hon J. Yu, PhD
Shadfar Bahri, MD
Rita S. Mehta, MD
Orhan Nalcioglu, PhD
Min-Ying Su, PhD

Purpose: To compare changes in the concentration of choline-con-
taining compounds (tCho) and in tumor size at follow-up
after neoadjuvant chemotherapy (NAC) between patients
who achieved pathologic complete response (pCR) and
those who did not (non-pCR).

Materials and
Methods:

This study was approved by the institutional review
board and was compliant with HIPAA; each patient gave
informed consent. Thirty-five patients (mean age, 48
years � 11 [standard deviation]; range, 29–75 years)
with breast cancer were included. Treatment included
doxorubicin and cyclophosphamide followed by a tax-
ane-based regimen. Changes in tCho and tumor size in
pCR versus non-pCR groups were compared by using
the two-way Mann-Whitney nonparametric test. Re-
ceiver operating characteristic (ROC) analysis was per-
formed to differentiate between them and the area un-
der the ROC curve (AUC) was compared.

Results: In the pCR group, the tCho level change was greater com-
pared with change in tumor size (P � .003 at first follow-
up, P � .01 at second follow-up), but they were not signif-
icantly different in the non-pCR group. Changes in tumor
size and tCho level at the first follow-up study were not
significantly different between the pCR and non-pCR
groups but reached significance at the second follow-up. In
ROC analysis, the magnetic resonance (MR) imaging and
MR spectroscopic parameters had AUCs of 0.65–0.68 at
first follow-up; at second follow-up, AUC for change in
tumor size was 0.9, AUC for change in tCho was 0.73.

Conclusion: Patients who show greater reduction in tCho compared
with changes in tumor size are more likely to achieve pCR.
The change in tumor size halfway through therapy was the
most accurate predictor of pCR.
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Neoadjuvant chemotherapy (NAC)
is the standard treatment for pa-
tients with inoperable locally ad-

vanced breast cancer. For patients with
operable cancer, NAC may be used to
shrink the tumor to enable breast-con-
serving surgery (1–3). Patients who
achieve pathologic complete response
(pCR) after NAC have favorable dis-
ease-free survival rates (4–6). The pre-
diction of pCR from the early response
can contribute to a timely adjustment of
treatment protocol to help reach this
goal, and to avoid unnecessary toxicity
of ineffective treatments.

Dynamic contrast material–enhanced
magnetic resonance (MR) imaging is
increasingly being used to evaluate the
response of patients with breast can-
cer undergoing NAC. There is a strong
correlation between the residual le-
sion size measured at MR imaging and
the size determined at pathologic ex-
amination after NAC (7–10). How-
ever, changes in lesion size on dy-
namic contrast-enhanced MR images
may not be detected until after two
cycles of chemotherapy (9). If an early
surrogate response indicator could be
established to predict final treatment

outcome, it would help to achieve the
goal of pCR.

While hydrogen 1 (1H) MR spec-
troscopy has been proved helpful for the
diagnosis of breast cancer (11–15), the
role of 1H MR spectroscopy for therapy
response prediction is less established
(14,16,17). One small study showed
that changes in signal intensity for the
choline-containing compounds (tCho)
24 hours after undergoing NAC corre-
lated with the final tumor size reduc-
tion; however, most patients received a
single anthracycline-based regimen, which
is not the current standard of care (17).
The purpose of our study was to com-
pare changes in tCho concentration and
in tumor size at follow-up after NAC
between patients who achieved pCR
and those who did not.

Materials and Methods

Patients
This study protocol was approved by
the institutional review board and was
compliant with the Health Insurance
Portability and Accountability Act. All
patients gave written informed consent
to undergo the NAC protocol, and a
separate consent to participate in the
MR imaging/MR spectroscopic study.
The eligibility criteria were as follows:
patients with histopathologically con-
firmed breast cancer who underwent
NAC from June 2004 to December
2006, those who had undergone base-
line MR imaging and 1H MR spectros-
copy before treatment and had under-
gone at least two follow-up imaging
studies, and those who underwent sur-
gery after completing NAC. Thirty-
seven patients (mean age, 48 years � 11
[standard deviation], range, 29–75
years) met the criteria to be included
in the analysis; two patients were ex-
cluded owing to small lesion size (�1.5
cm) because of the difficulty of per-
forming 1H MR spectroscopy to obtain
reliable results. The patient character-
istics, including age, cancer type, cancer
stage, pretreatment tumor size, and re-
ceptor status (estrogen, progesterone,
and human epidermal growth factor re-
ceptor 2 [HER-2]), are listed in Table 1.

Treatment Protocol and MR Imaging
Follow-up
All patients received biweekly doses of
doxorubicin (Adriamycin; Pharmacia-
Upjohn, Kalamazoo, Mich) and cyclo-
phosphamide (AC) as their first-line
treatment regimen. After the first two
cycles, clinicians evaluated patient re-
sponse and tolerability and decided to
continue with two additional cycles of
AC treatment or to switch to a taxane-
based regimen (paclitaxel [Taxol;
Bristol-Myers Squibb] and carboplatin
[Paraplatin; Bristol-Myers Squibb,
Princeton, NJ]). For patients who had
HER-2–positive tumors, trastuzumab
(Herceptin; Genentech, San Fran-
cisco, Calif) was given weekly with taxane.
Five patients with HER-2–negative tumors
also received bevacizumab (Avastin; Ge-
nentech, South San Francisco, Calif) bi-
weekly with the taxane regimen. The total
treatment period ranged from 105 to 235
days (median, 158 days).
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Abbreviations:
AC � doxorubicin and cyclophosphamide
AUC � area under the ROC curve
HER-2 � human epidermal growth factor receptor 2
Kep � redistribution rate constant
Ktrans � transfer rate constant
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ROC � receiver operating characteristic
tCho � choline-containing compound
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Advances in Knowledge

� In patients with breast cancer,
MR spectroscopy performed at
1.5 T shows differences in groups
with pathologic complete re-
sponse (pCR) and incomplete re-
sponders (non-pCR) to chemo-
therapy, with those patients
showing greater reduction in cho-
line-containing compounds (tCho)
compared with changes in tumor
size being more likely to achieve
pCR.

� The change in tumor size or tCho
at the first follow-up was not sig-
nificantly different between the
pCR and non-pCR groups; at the
second follow-up, the changes in
both became significant.

� The change in tumor size at the
second follow-up was the most
accurate predictor of pCR after
chemotherapy.

BREAST IMAGING: Predicting Pathologic Response to Chemotherapy in Breast Cancer Baek et al

654 radiology.rsnajnls.org ▪ Radiology: Volume 251: Number 3—June 2009



All patients underwent MR imaging
and 1HMRspectroscopyprior to treatment
as the baseline. They then underwent at
least two follow-up imaging studies. The
first follow-up study was performed after
1–2 cycles of AC treatment (median, 20
days) and the second follow-up study was
performed after four cycles of AC or two
cycles of AC and one of taxane (median, 69
days). One patient did not undergo imaging
at the time of first follow-up, and two pa-
tients did not undergo imaging at the time

of second follow-up. All patients underwent
one more follow-up MR imaging study after
completing the entire NAC treatment, then
underwent definitive surgery after the last
MR imaging examination (median, 36 days;
range, 4–104days).The follow-up timeand
the total treatment period for each patient
are also included in Table 1.

Pathologic Examination
Surgical specimens were cut in 5-mm
slices and fixed in 10% neutral-buffered

formalin to prepare the paraffin blocks.
For each block where the gross tumor
was evident, several 5-�m slides were
cut and stained with hematoxylin-eosin
for evaluation. If no gross tumor was
found in the surgical specimen, the tis-
sue marker left in the breast was identi-
fied and slides from the block containing
the marker and the adjacent blocks
were examined. Residual disease after
NAC was classified in one of three cat-
egories: (a) no residual malignancy,

Table 1

Clinical Characteristics of 35 Patients

Group and
Patient No.

Age
(y)

Cancer
Type

Initial Tumor
Size (cm)

Tumor
Stage

Biomarker Status NAC
Duration (d)

First
Follow-up (d)

Second
Follow-up (d)Estrogen/Progesterone Receptor HER-2

pCR
1 33 IDC 2.0 IIB Negative/negative Negative 135 9 51
2 52 IDC 2.1 IIB NA NA 110 20 69
3 53 IDC 6.8 IIIB Negative/negative Positive 139 9 50
4 46 IDC 2.9 IIB Negative/negative Negative 138 13 48
5 45 IDC 1.8 IIB Negative/negative Positive 138 13 55
6 62 IDC 1.9 IIA Positive/positive Negative 153 28 . . .
7 56 IDC 1.6 IIB NA Positive 133 8 51
8 40 IDC 6.1 IIIA Negative/negative Positive 120 9 71
9 44 IDC 4.5 IIB Positive/positive Positive 134 10 37
10 51 IDC 6.9 IIIB Positive/positive Positive 153 20 52
11 75 IDC 2.7 IIIB Negative/negative Positive 144 23 52
12 40 IDC 3.4 IIB Negative/negative Positive 119 20 54
13 32 IDC 2.8 IIB NA Negative 132 20 55
14 54 IDC 3.6 IV Negative/negative Positive 106 21 49
15 36 IDC 1.5 IIA NA Negative 106 22 49
16 31 IDC 8.6 IIIB Negative/negative Negative 130 20 47
17 36 IDC 8.0 IV Negative/negative Negative 137 20 54

Non-pCR
18 62 IDC 2.1 IIA NA NA 160 . . . 79
19 52 IDC 2.8 IIIC Positive/positive Negative 137 15 51
20 56 ILC 2.4 IIA Positive/positive Positive 138 13 48
21 43 ILC 1.8 IIB NA NA 140 9 64
22 51 IDC 2.7 IIB Negative/negative Positive 150 20 69
23 44 IDC 6.5 IV Positive/positive Negative 133 12 98
24 29 IDC 8.4 IV NA NA 153 13 78
25 41 IDC 3.3 IIB Negative/negative Negative 151 6 28
26 47 IDC 4.1 IIIB Positive/positive Positive 159 13 99
27 60 IDC 2.2 IIA Positive/negative Positive 139 25 57
28 59 IDC 6.1 IIIA Negative/negative Negative 133 24 52
29 61 IDC 2.7 IIB Positive/positive Negative 142 20 72
30 54 ILC 2.7 IIIB Negative/negative Positive 141 21 56
31 51 IDC 3.7 IIIB Positive/positive Negative 105 20 48
32 41 IDC 7.31 IIIB Negative/negative Negative 152 21 . . .
33 33 IDC 3.4 IIA Positive/positive Positive 104 20 49
34 58 IDC 2.8 IIIB Negative/positive Positive 147 34 62
35 63 IDC/ILC 2.0 IIB Negative/negative Positive 153 29 58

Note.—IDC � invasive ductal carcinoma, ILC � invasive lobular carcinoma, NA � not available.
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(b) no residual invasive cancer but
ductal carcinoma in situ was present,
or (c) residual invasive cancer. The
most commonly used definition of pCR
was no invasive cancer, thus including
the first two categories (18).

MR Imaging and 1H MR Spectroscopic
Protocol and Data Analysis
The detailed MR imaging, 1H MR spec-
troscopy, and data analysis proce-
dures (19–26) are included in Appen-
dix E1 (http://radiology.rsnajnls.org
/cgi/content/full/2512080553/DC1).
All patients were examined by using a
1.5-T imager (Eclipse; Philips Medical
Systems, Cleveland, Ohio).

Statistical Analysis
The percentage of changes in tumor size
and tCho level between first and second
follow-up, and also between pCR and
non-pCR groups, were compared by us-
ing the two-way Mann-Whitney non-
parametric test. The significance level
was set at P � .05. The logistic regres-
sion model was built to check the effect
of the clinical characteristics listed in
Table 1 on the obtained results. The
analyses were done (a) without adjust-
ment for any clinical variables; (b) with
adjustment for age, tumor stage, estro-
gen receptor, progesterone receptor,
HER-2, initial tumor size, first follow-up
interval, or second follow-up interval;
and (c) with adjustment for all clinical
variables together.

The diagnostic performance in dif-
ferentiating between pCR and non-pCR

patients was assessed by using receiver
operating characteristic (ROC) curves.
The ROC curves created on the basis of
the MR imaging and 1H MR spectro-
scopic parameters at first and second
follow-up were obtained and the area
under the ROC curve (AUC) was calcu-
lated. In each ROC analysis, the cases
with missing data were excluded. Since
we focused on analyzing the differentia-
tion power given the changes of param-
eters, the ROC was only performed for
patients whose baseline parameters (size,
1H MR spectroscopy, dynamic contrast-
enhanced MR parameters) were available
to calculate changes. The nonparametric
and ROC analyses were performed by us-
ing software (SPSS; SPSS, Chicago, Ill).
The post hoc power analysis was also per-
formed to assess the power on the basis
of our sample size by using software
(PASS; NCSS, Kaysville, Utah).

Results

Tumor size, tCho area arbitrary units,
water area arbitrary units, and tCho
concentration (millimols per kilogram)
of all patients were measured at base-
line and first and second follow-up; the
last MR imaging studies are listed in
Table E1 (http://radiology.rsnajnls.org
/cgi/content/full/2512080553/DC1).

Pathologic Response
After NAC treatment, definitive surgery
revealed pCR in 17 (49%) of 35 pa-
tients; 15 patients showed no evidence
of malignant cells and two patients

showed ductal carcinoma in situ only.
The remaining 18 (51%) patients
showed residual disease (scattered
cells, small foci, or bulk tumor) and
despite different residual cancers,
they were categorized as one non-pCR
group. Most of the non-pCR patients
also had substantial reduction in tu-
mor size. In our study, trastuzumab
was given to all patients with HER-2–
positive tumors and no patients with
HER-2–negative tumors, but there was
no significant difference in their pCR
rates (nine [53%] of 17 patients with
HER-2–positive tumors vs seven [50%]
of 14 patients with HER-2–negative tu-
mors). Cancer type is a much stronger
response predictor (all three invasive
lobular carcinoma cases and the mixed
invasive ductal/lobular carcinoma case
did not achieve pCR).

Lesion Size and tCho Changes in pCR
Patients
In the pCR group, 12 (71%) of 17 pa-
tients had positive tCho levels before
treatment. The change in tCho was sig-
nificantly higher than the change in tu-
mor size at first (P � .003) and second
(P � .01) follow-up by using the non-
parametric test (Fig 1; Table 2).
Changes for each patient are shown in
Figure 2. Figure 3 demonstrates rep-
resentative MR imaging and 1H MR
spectroscopy from a 40-year-old pa-
tient who achieved pCR. In post hoc
power analysis for the pCR group, the
power to accept the tCho change was
larger than change in tumor size for the
first (96%) and second (87%) follow-up
studies.

Lesion Size and tCho Changes in Non-pCR
Patients
In the non-pCR group, 17 (94%) of 18
patients had a positive tCho at baseline.
The non-pCR group tCho concentration
(median, 2.2 mmol/kg; range, 0–7.0
mmol/kg) was higher compared with
that of the pCR group (median, 1.4
mmol/kg; range, 0–5.1 mmol/kg) but
did not reach significance (P � .67). The
change in tCho was not significantly dif-
ferent compared with the change in tu-
mor size at first (P � .07) and second
(P � .16) follow-up by using the non-

Figure 1

Figure 1: Box plot shows comparison of percentage of changes in tumor size and tCho (a) in follow-up
study after one to two AC cycles and (b) in follow-up study after four AC cycles or two AC cycles followed by
one of taxane regimen in pCR versus non-pCR groups. In both follow-up studies, there were significantly
higher reductions in tCho level compared with tumor size in pCR group only.
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parametric test (Fig 1; Table 2). Figure 4
shows the percentage of changes of
tCho level and lesion size of patients in
the non-pCR group. Two patients had
elevated tCho levels at second follow-up
and substantial residual tumor (4.6 cm),
which was larger compared with the tu-
mor size of the other 33 patients (range,
0–2.8 cm) (Table E1 [http://radiology
.rsnajnls.org/cgi/content/full/2512080553
/DC1]). Figure 5 demonstrates examples of
MR imaging and 1H MR spectroscopic im-
ages from a 29-year-old patient with inva-
sive residual disease. In post hoc power
analysis for the non-pCR group, the power
to accept the tCho change was larger than
change in tumor size by 70% in the first and
second follow-up studies.

Comparison of Changes in tCho and
Tumor Size between pCR and Non-pCR
Groups
Baseline tumor size and tCho were not
significantly different between pCR
and non-pCR groups (Table 2). The
change at first follow-up compared
with baseline also did not show signif-
icant difference. At second follow-up,
both tumor size (P � .001) and tCho
(P � .01) show greater changes in the
pCR group than in the non-pCR group.
None of the tested parameters (age,
tumor stage, tumor size before treat-
ment, biomarker status, and follow-up
time after treatment) altered the sig-
nificant testing results for the changes
of both tCho concentration and tumor
size at first and second follow-up, indi-
cating that the results were not con-

founded by different clinical charac-
teristics between the pCR and non-
pCR groups. The post hoc power
analysis was performed to test the hy-
pothesis that the change in tumor size
or tCho concentration during treat-
ment was significantly different be-
tween the pCR and non-pCR groups.
At first follow-up, the power for
change in tumor size was 14% and the

power for change in tCho was 41%,
which was not sufficient to predict pCR.
At second follow-up, the power for
change in tumor size was 99% and power
for change in tCho was 74%.

Changes of Water Reference Peak at First
Follow-up
The internal reference method used the
water peak as the reference standard.

Figure 2

Figure 2: Plots of changes in (a) normalized tCho and (b) tumor size with treatment in pCR patients. First
follow-up study after one to two AC cycles and second follow-up study after four AC cycles or two of AC fol-
lowed by first cycle of taxane regimen. Five patients did not have detectable tCho at baseline. Of 12 patients
who had positive tCho before treatment, seven had detectable tCho at first follow-up. At second follow-up, all
patients had substantially smaller tumor sizes and none had detectable tCho.

Table 2

Percentage Change in Tumor Size and tCho Concentration at Both Follow-up Examinations

MR Study
Tumor Size (cm) tCho Concentration (mmol/kg)

pCR Non-pCR P Value pCR Non-pCR P Value

Baseline 4.0 (2.9, 1.5–8.6) 3.8 (2.8, 1.8–8.4) .81 1.4 (0.9, 0–5.1) 2.3 (2.2, 0–7.0) .67
Change at first follow-up (%) �22 (�16, 3–70) �16 (�9, 5 to �60) .25 �68 (�98, 41 to �100) �37 (�34, 43 to �100) .11
Change at second

follow-up (%) �89% (�100%, �62 to �100%) �51 (�59, �27 to �89) �.001* �100 (�100, all �100) �67 (�100, 36 to �100) .01*

Note.—Data are the mean value in each group; numbers in parentheses are the median, followed by the range of minimum to maximum.

* Significant (P � .05) between pCR and non-pCR group tested by using two-way Mann-Whitney nonparametric test.
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To assess the effects of varying water
content during chemotherapy, the per-
centage change of raw data, including
the peak area of tCho area arbitrary
units measured from the suppressed
spectra and the water area arbitrary

units measured from the unsuppressed
spectra, were calculated (Table E1 [http:
//radiology.rsnajnls.org/cgi/content
/full/2512080553/DC1]). All three pa-
rameters showed a higher but nonsig-
nificant reduction in the pCR than in

the non-pCR group. Although the wa-
ter peak also showed reduction, it was
smaller compared with the change of
tCho peak.

Prediction of pCR, Given Changes in MR
Imaging and 1H MR Spectroscopic
Parameters, by Using ROC Analysis
For 1H MR spectroscopic parameters,
since the ROC was only analyzed on the
basis of changes at first and second fol-
low-up, only patients with detectable
tCho found at baseline MR imaging
were included in the analysis. At first
follow-up, the respective AUCs for tu-
mor size, tCho level, and tumor size
and tCho level combined were 0.66,
0.67, and 0.72, and were not signifi-
cantly different between pCR and non-
pCR groups. At second follow-up, the
respective AUCs were 0.9, 0.73, and
0.92; all showed significant differences
(P � .05).

The ROC analysis was also per-
formed given the raw 1H MR spectro-
scopic peak area data. The AUCs were
0.68 for tCho and 0.65 for water peak
area at first follow-up and 0.7 for tCho
and 0.72 for water peak area at second
follow-up. The dynamic contrast-enhanced
kinetic parameters (transfer rate con-
stant [Ktrans] and redistribution rate
constant [Kep]) were also analyzed, and
the AUC was 0.65 for Ktrans, 0.66 for
Kep at first follow-up, and 0.79 for both
at second follow-up. When comparing
the differentiation power of all MR im-
aging or 1H MR spectroscopic parame-
ters, the change in tumor size at second
follow-up was the only parameter that
achieved a high AUC (0.9).

Discussion

Early change in tumor size measured on
MR images is a good predictor of final
response after NAC (7–10). However,
even if the cells respond to treatment, it
takes some time for the tumor to
shrink. Substantial research effort has
been spent on investigating whether
other information provided by MR im-
aging may serve as earlier response in-
dicators than change in tumor size.
These include pharmacokinetic parame-
ters, apparent diffusion coefficient, T2

Figure 3

Figure 3: Maximum intensity projection MR images (left) and corresponding MR spectra (right) from 40-
year-old patient (patient 12) who achieved pCR. (A) Before treatment, 3.4-cm lesion (arrow) shows heteroge-
neous enhancing pattern. Elevated total tCho peak (right) is visible at 3.23 ppm in water-fat suppressed spec-
trum. Gaussian model fitting of tCho peak, 2.33 mmol/kg � 0.54. (B) Enhancing lesion (white arrow) and
water-fat suppressed spectrum (black arrow) acquired after one AC cycle. Lesion size is reduced to 2.6 cm,
tCho peak is visible at 3.22 ppm, and tCho � 1.15 mmol/kg � 0.25. Change of tCho level shows 51% reduc-
tion, tumor size shows 23% reduction. (C) At second follow-up after two AC cycles and one of taxane regimen,
lesion (white arrow) further shrank to 1.3 cm, indicating good response. (D) After all chemotherapy, breast
lesion completely regressed. In water-fat suppressed spectrum, tCho peak (arrow) was no longer detectable
(100% reduction).
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relaxation time, water-to-fat ratio, and
tCho measurement. The results of phar-
macokinetic parameters were contro-
versial (27–30). Some researchers found
that the pharmacokinetic parameters
could predict final response earlier than
could size (29), but others could not
(27,30). The initial results that used ap-
parent diffusion coefficient as a predic-
tor were encouraging, showing earlier
apparent diffusion coefficient change
than tumor size reduction (31,32).

These results have to be interpreted
within the context of the study, particu-
larly with regard to the drug regimen,
and cannot be generalized. Further-
more, most of these studies either used
clinical response (later change in tumor
size seen at imaging) or pathologic re-
sponse (between partial responder and
nonresponder) as an end point for
group comparison. Very few studies at-
tempted to use pCR as an end point,
which is the most important response
indicator in current oncology. Padhani
et al (27) found that change in tumor
size after one cycle of NAC can help pre-
dict clinicopathologic response after
completing all chemotherapy. The
pathologic response is used to catego-
rize patients on the basis of their prog-
nosis (eg, pCR patients have favorable
prognosis) (4–6,18).

Studies on the use of 1H MR spec-
troscopy for monitoring the response of
patients with breast cancer to NAC
have been reported. Kvistad et al (14)
and Jagannathan et al (16) demon-
strated that qualitative observations of
1H MR spectroscopy at 1.5 T were use-
ful in helping assess the response of lo-
cally advanced breast cancer to NAC.
Meisamy et al (17) performed quantita-
tive 1H MR spectroscopy at 4.0 T to
measure tCho concentration in 13 pa-
tients and reported that the change in
tCho within 24 hours was significantly
different between the clinical responder
and nonresponder groups on the basis
of later changes in size. Recently, Baek
et al (33) reported a similar finding that
early tCho change was associated with
later clinical response on the basis of
reduction in size as seen at MR imaging.
These studies used change in size as the
end point and suggested that change in

tCho may serve as an early indicator for
predicting later clinical response. Che-
motherapy is known to reduce mitotic
count (34) and tumor cellularity (35),
which may be the basis for leading to
decreased tCho level measured by using
1H MR spectroscopy. Our study is the
largest series, to our knowledge, that
applies longitudinal quantitative 1H MR
spectroscopy to investigate the associa-
tion of tCho changes during NAC by
using the final pathologic response after
completing NAC as the end point.

As more therapeutic drugs become
available, especially with Food and Drug
Administration approval of trastuzumab
for HER-2–positive cancer, the pCR
rate has been greatly improved (36).
The treatment protocol used in our
study achieved pCR in 17 (49%) of 35
patients, with most patients in the non-
pCR group also having substantial re-
duction in tumor size. Of these 35 pa-
tients, 24 were included in an article by
Chen et al (36), which analyzed the cor-
relation between the residual size mea-
sured on the last MR image obtained
and the pathologic findings of the surgi-

cal specimen. For the current study, we
focused on the early changes at first and
second follow-up, so there was no scien-
tific overlap. The second follow-up
study was performed 2 months after
start of the treatment course, and the
mean reduction in tumor size reached
51% in the non-pCR group and 89% in
the pCR group. Therefore, predicting
pathologic response in this cohort was
potentially more difficult compared
with predicting clinical responders
versus nonresponders by using less ef-
fective treatment protocols.

We found that pCR and non-pCR
groups showed different response pat-
terns, particularly in the disparity be-
tween changes of tCho and tumor size.
In the pCR group, the tCho changes at
both first and second follow-up were
significantly higher compared with the
changes in tumor size, but not in the
non-pCR group. Therefore, early reduc-
tion in tCho was more pronounced in
patients who eventually achieved pCR.

On the other hand, the changes in
tumor size and tCho measured in early
first follow-up studies could not signifi-

Figure 4

Figure 4: Plots of changes in (a) normalized tCho and (b) tumor size with treatment in non-pCR patients.
One patient did not have detectable tCho at baseline. Of 16 patients who had positive tCho before treatment, 13
had detectable tCho levels at first follow-up. At second follow-up, seven patients had detectable tCho and two
had increased tCho (higher than baseline). Patients show wide range of changes in tumor size compared with
changes in pCR group in Figure 2.
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cantly differentiate between the pCR
and non-pCR groups. ROC analysis per-
formed for tumor size, Ktrans, Kep, and
MR spectroscopic parameters (tCho con-
centration, tCho peak, water peak) were
consistent with the nonparametric test

results between pCR and non-pCR
groups. The AUCs of these parameters
were in the range of 0.65–0.68 at first
follow-up, not significant between the
two groups. At second follow-up, the
change in tumor size reached an AUC of

0.9, which was much higher compared
with that of 0.79 for Ktrans and Kep, and
0.70 to 0.73 for the three MR spectro-
scopic parameters. Again, the results
indicated that differentiating between
pCR and non-pCR groups was difficult
and the change in size at second fol-
low-up was the most accurate predic-
tor.

Other than the difficulty in differen-
tiating between patients who achieved
pCR from those in the non-pCR group
who had only minimal cancer burden,
performing MR spectroscopic quantifi-
cation over the course of NAC treat-
ment is also challenging. During ther-
apy, as the lesion shrinks, it is more
difficult to quantify tCho because there
is less tumor tissue to obtain measure-
ments from. To solve this problem, the
internal reference method was applied
by using the water content as the refer-
ence standard. As shown in Table E1
(http://radiology.rsnajnls.org/cgi/content
/full/2512080553/DC1), there is a sub-
stantial change in the water peak of the
lesion from baseline to follow-up exami-
nations. Therefore, in addition to tCho
concentration, we also performed analy-
ses on the raw data by using the water
peak and tCho peak areas. We found that
all three parameters showed reduction
at first follow-up compared with the
baseline, and that all three parameters
showed a higher reduction in the pCR
than in the non-pCR group. Therefore,
the water content indeed changed, but
the range was smaller compared with that
of tCho.

In addition to water content, T1 and
T2 may also vary under normal physio-
logic conditions (28) but whether it is
associated with water content or intrin-
sic molecular changes with therapy
needs to be further investigated (37).
Nevertheless, since the result analyzed
from the raw tCho peak area was con-
sistent with that of tCho concentration,
the effect of changing T1 and T2 during
therapy may be small. The various
sources that may contribute to the fluc-
tuation are an inherent problem leading
to high variation of 1H MR spectro-
scopic parameters compared with MR
imaging.

Our study had limitations. Only one

Figure 5

Figure 5: Maximum intensity projection MR images of 29-year-old woman (patient 24) who had residual
invasive cancer after completing NAC. (A) Before treatment, lesion is 8.4 cm (arrow); tCho peak is visible at
3.22 ppm in water-fat suppressed spectrum (right), and tCho � 0.77 � 0.11 mmol/kg. (B) After one AC cycle,
enhanced lesion (white arrow) shrank to 7.4 cm (12% reduction), tCho level (black arrow) decreased to 0.21
mmol/kg (73% reduction). (C) At second follow-up after four AC cycles, lesion (white arrow) further shrank to
4.6 cm but tCho concentration increased to 1.01 mmol/kg (black arrow). (D) In third follow-up after complet-
ing all chemotherapy, tumor increased to 5.5 cm (white arrow). Increase in tCho level (black arrow) at second
follow-up seems to predict disease progression at third follow-up.
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experienced radiologist obtained size
measurements. This was to ensure that
consistent criteria could be applied to
size measurement. However, whether
the same result could be reached by a
radiologist with different experience
needs to be investigated. Another limi-
tation of our study is the small sample
size with different clinical characteris-
tics and treatment protocols. Unfortu-
nately this is a common problem in on-
cology, because the treatment protocol
is often adjusted on the basis of each
patient’s cancer and response to and
tolerability of treatment. Nevertheless,
the logistic regression model analysis
showed that the clinical characteristic
parameters did not affect our results.
Whether the lack of effect in the regres-
sion analysis is a result of the small sam-
ple size warrants further investigation.
The treatment protocol used in this
study was developed on the basis of the
current standard, consisting of anthra-
cycline followed by taxane-based regi-
mens, with the addition of carboplatin.
Whether the findings will hold in other
less-aggressive regimens remains to be
seen.

In conclusion, we found that tCho
changes were greater than the changes
in tumor size in the pCR group in both
first and second follow-up studies but
not in the non-pCR group. These results
suggest that when the tCho reduction
was higher than the reduction in tumor
size, the tumor was more likely to
achieve pCR. Many patients in the non-
pCR group had minimal residual dis-
ease, which made differentiation be-
tween pCR and non-pCR groups diffi-
cult. At second follow-up, the reductions
in tCho level and tumor size were signifi-
cantly higher in the pCR group compared
with those in the non-pCR group but not
earlier (first follow-up). The AUC was
0.9 given the change in tumor size at
second follow-up, which was the highest
among all analyzed parameters, sug-
gesting that change in size at second
follow-up is the best predictor of pCR.
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