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Abstract
Purpose—To investigate the application of MR spectroscopy using chemical-shift imaging (CSI)
for characterizing human breast lesions at 1.5T, and to evaluate the diagnostic performance using
the ROC (Receiver Operating Characteristics) analysis.

Materials and methods—Thirty-six patients (35−73 years old, mean 52), with 27 malignant and
9 benign lesions, underwent anatomical imaging, dynamic contrast-enhanced MR imaging, and CSI.
The Choline (Cho) metabolite map was reconstructed from the multi-voxel CSI data. A mean Cho
SNR was calculated for each lesion by averaging over Cho SNR's measured from all voxels that
showed an identifiable Cho peak on the MRS spectra. The ROC analysis was performed, and the
cutoff point yielding the highest accuracy was found to be Cho SNR > 3.2.

Results—The mean Cho SNR was 2.8 ± ? (range, 1.8 − 4.3) for the benign group, and 5.9 ± ? (2.1
− 17.5) for the malignant group (P = 0.02). Based on the criterion of Cho SNR >3.2 as malignant,
CSI correctly diagnosed 22 of 27 malignant lesions and 7 of 9 benign lesions, resulting in the
sensitivity of 81%, specificity of 78%, and overall accuracy of 81%. The 5 false-negative cases had
small lesion size ranging from 1.0−2.0 cm. If the criterion was set higher at Cho SNR >4.0, the
specificity was improved to 89%, but sensitivity was lowered to 67%. CSI corrected diagnosed two
benign lesions that were mis-diagnosed as malignant based on the washout and plateau pattern in
DCE enhancement kinetics.

Conclusion—CSI provided regional distribution of Cho, but was difficult to be interpreted to aid
in diagnosis of breast cancer. The ROC analysis presented in this work could be used to set an
objective diagnostic criterion depending on preferred emphasis on sensitivity or specificity.

Keywords
breast tumor diagnosis; chemical-shift imaging; choline-containing compounds; dynamic contrast-
enhanced MRI; ROC analysis

INTRODUCTION
CONVENTIOANL DIAGNOSTIC METHOD SUCH AS X-ray mammography, ultrasound,
and physical examination, each has limitations in the diagnosis of breast cancer. The American
Cancer Society has recently issued a new guideline recommending annual screening MRI to
women with an approximately 20−25% or greater lifetime risk of breast cancer (1).
Preoperative MRI has become an established procedure for detecting multifocal or multicentric
diseases to facilitate surgical planning, particularly in fibroglandular dense breasts (2). In a
large series multi-center study, breast MRI of suspicious lesions performed prior to biopsy was
shown to reach a high sensitivity of 88.1%, but with a relatively low specificity of 67.7% (3).
Morphologic assessment (4,5) and kinetic analysis (6-8) could distinguish benign from
malignant lesions. However, since not all malignant lesions showed the typical malignant
morphologic or enhancement kinetic features (6,9-10); in order to reach a high sensitivity the
specificity has to be compromised.
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In vivo proton MR spectroscopy (MRS) is a non-invasive technique that can provide tumor
metabolic information, which has been shown to have potential clinical applications in the
diagnosis and management of patients with brain and prostate tumors (11,12). MRS has been
increasingly applied for breast cancer studies in diagnosis and therapy response monitoring.
Previous studies conducted at 1.5T have shown that in vivo single-voxel MRS can be used to
distinguish between malignant and benign tissues based on the detection of choline (Cho) (e.g.,
detectibility or Cho signal to noise ratio (SNR)) (13-17). A pooled analysis of these five studies
showed that MRS can reach to specificity to 85% (range, 67% − 100%). The addition of single-
voxel MRS has been shown to improve the diagnostic specificity of dynamic contrast-enhanced
(DCE) MR imaging (16,18). However, single-voxel technique has limitations in terms of lesion
coverage, which may affect the sensitivity of Cho detection due to tumor heterogeneity.

On the other hand, multi-voxel techniques, chemical-shift imaging (CSI) or MR spectroscopic
imaging (MRSI), may be used to acquire spectroscopic information from multiple voxels over
a large volume of interest in a single measurement, hence suitable for analyzing the regional
distribution of tumor metabolites. Although it is commonly used in the brain and prostate, only
one feasibility study in 15 patients with breast lesions has been reported (19). The diagnostic
accuracy of the MRSI was comparable with the results found in previous single-voxel MRS
studies. Further investigations in larger studies are needed.

The present study applied CSI to detect Cho signal in 36 patients with biopsy-proven malignant
(N=27) and benign (N=9) breast tumors. The purpose was two-fold, firstly to investigate the
application of chemical-shift imaging for characterizing breast lesions using a clinical 1.5T
scanner in a larger patient population, and secondly to evaluate the diagnostic performance of
CSI using the ROC (Receiver Operating Characteristics) analysis.

MATERIALS AND METHODS
Patients

Thirty-six consecutive patients (range 35−73 years old, mean 52 years) enrolled from June
2004 to August 2005, who were scanned with the CSI MRS protocol were reported in this
series. All patients had suspicious findings on physical examination, mammography, or
sonography in the breast. They were referred to the study by medical or surgical oncologists.
The inclusion criteria were patients who had suspicious lesions scheduled for biopsy, or who
already had diagnosis of malignant breast lesions with needle-biopsy. Therefore, this is a
selective patient group, not in a diagnostic setting. Only lesions greater than 1 cm were scanned
with the CSI protocol and included in this study. Exclusion criteria were lesions smaller than
1 cm, or with presence of a breast hematoma adjacent to the suspicious lesion. This study was
approved by the local institutional review board of the University of California-Irvine School
of Medicine, and was HIPPA-compliant. The informed consent was obtained from each patient
prior to the study.

The tissue diagnosis was obtained from the pathological report of the excision or needle biopsy.
Of the 36 breast lesions evaluated, 27 (75%) were malignant and 9 (25%) were benign. Of the
27 malignant lesions, 20 were invasive ductal carcinomas, 4 were invasive lobular carcinomas,
and the other 3 were mixed invasive ductal and lobular carcinomas. Of the 9 benign lesions, 6
were fibroadenomas, and 3 were fibrocystic changes.

MR Imaging and Chemical-Shift Imaging
All patients were examined with the same MRI/MRS protocol, which consisted of high-
resolution imaging, dynamic contrast-enhanced MR imaging, and proton chemical-shift
imaging. The studies were performed on a clinical 1.5T whole-body system (Eclipse; Philips
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Medical System, Cleveland, Ohio) with the standard MRS acquisition software provided by
the manufacturer. A body coil was used for transmission, and a dedicated four-channel phased-
array breast coil (USA Instruments, Aurora, Ohio) was used for both MR imaging and MR
spectroscopy. The coil was the original coil came with the scanner, designed to permit
simultaneous imaging of both breasts. It did not allow for selective configuration of channels
depending on the volume of interest.

All patients were examined in prone position, and the breasts were gently cushioned with rubber
foam to reduce patient motion. After the localizer scan, sagittal view T1-weighted pre-contrast
images were acquired from the breast of concern, using a spin echo (SE) sequence with TR/
TE 1000/12ms, matrix size 256×256, field of view (FOV) 22 cm, and 34 slices with 3−4 mm
thickness. Following this, a 3D SPGR (RF-FAST) pulse sequence with 16 frames (repetitions)
was prescribed for bilateral dynamic imaging. Thirty-two axial slices with 4 mm thickness
were used to cover both breasts. The imaging parameters were TR/TE 10ms/3.6ms, flip angle
20°, acquisition matrix size 256×128, and FOV varying between 32 and 38 cm. The scan time
was 42 seconds per acquisition. The sequence was repeated 16 times for dynamic acquisitions,
4 pre-contrast and 12 post-contrast sets. The contrast agent (Ominscan®, 1cc/10 lbs body
weight) was manually injected at the beginning of the 5th acquisition, and was timed to finish
in 12 seconds to make the bolus length consistent for all patients. Immediately following the
contrast, 10 cc saline was used to flush the contrast medium.

The subtraction images were generated on the scanner console, by subtracting the pre-contrast
images acquired in frame #3 from the 1-min post-contrast enhanced images acquired in frame
#6. They were used for placing the volume of interest in the tumor for the MRS study. The
CSI grid was carefully positioned to maximize coverage of the enhanced lesion on the
subtraction images, as well as the hypointense lesion if it was visible on the sagittal pre-contrast
T1-weighted images. The point-resolved spectroscopic sequence (PRESS) sequence was used
(20,21), and the parameters were: TR/TE = 1627/270 ms, matrix size = 8 × 8, FOV = 8 cm,
and sagittal section thickness = 12mm. In order to improve the signal-to-noise, 4 acquisitions
were taken and the total acquisition time was approximately 7 minutes. The resultant voxel
size was 1.0 × 1.0 × 1.2 cm3. The echo signal was digitized with 2048 data points and a spectral
width of 2040 Hz. To improve field homogeneity over the CSI localization volume, a relatively
large single voxel shimming (e.g., 10 × 10 × 10 cm3) centering at the suspicious lesion was
performed, and then these shim values were passed on to the CSI scans. The typical value for
the water linewidth was usually 10−29 Hz (mean 20 Hz). The water suppression was
accomplished with three chemical shift selective (CHESS) RF pulses (22,23) with a bandwidth
of 64 Hz, and the fat signal was attenuated by using frequency-selective presaturation pulse
(FATSAT).

MR and Spectroscopic Data Analysis
MRI data analysis was performed using our own analysis program written in Matlab (Version
6.5 for Windows, The MathWorks, Inc., MA) on a PC. The size of the lesion was measured
based on contrast-enhanced images. The maximum intensity projection (MIP) of the axial
subtraction images was generated, and the longest dimension and the perpendicular dimension
were measured on the MIP. The number of slices the lesion covered was used to measure the
third dimension.

For analysis of DCE kinetics, a region of interest (ROI) was drawn to cover the enhanced lesion
based on the subtraction image at 1-min post contrast injection. The pre-contrast signal intensity
was subtracted from the post-contrast signal intensity measured at each time point to obtain
the signal enhancement time course. According to the MRI BI-RADS lexicon, the delayed
phase in the time course was classified as persistent, plateau, or washout. Lesions with rapid
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or medium initial enhancement followed by a delayed phase plateau or washout were classified
as malignant. Lesions with the persistent enhancement time course were classified as benign.

The CSI raw data were reconstructed by Philips data analysis package (Philips Medical
Systems, Cleveland, Ohio). The spectroscopic data were processed by Fourier transformation,
with a Hamming filter in the spatial (phase-encoding) domains, Gaussian line broadening of
1.5 Hz, zero-filling to 4096 data points, and a high-pass filter (with Gaussian window width,
45 Hz) to reduce the residual water signal in the time domain. Phase and baseline corrections
were manually done for each voxel. When the maximum peak of water was assigned to 4.7
ppm, typically the Cho peak was resolved at 3.22 ppm (range, 3.16 − 3.28 ppm) in breast
tumors. The MR spectrum was further analyzed with great care by one spectroscopist when a
Cho peak could be clearly identifiable above the baseline noise. The Cho peak area was
quantified by employing the Levenberg-Marquardt algorithm to fit Gaussian to Lorenzian
shape (24). After fitting, the peak height, width, area, and SNR were obtained. The SNR of
Cho peak was calculated as the ratio of Cho peak height to the standard deviation of the baseline,
which was measured in the flat noise baseline region (> 8 or < 0 ppm). For each patient a mean
Cho SNR was calculated from all voxels that showed an identified Cho peak in the spectrum.
For display, Cho metabolite map was linearly interpolated to 128 × 128 points. MATLAB
software (Version 6.5 for Windows, The MathWorks, Inc., MA) was used for display of color-
coded Cho metabolite maps.

Statistical Analysis
The histopathological diagnosis was used as the standard for evaluating diagnostic performance
of DCE MRI and MRS. A receiver operating characteristic (ROC) curve was generated from
the Cho SNR's measured from all 36 lesions. The cutoff point of the Cho SNR was determined
as the value that yielded the highest accuracy, balancing between sensitivity and specificity
(25). Then based on this cutoff Cho SNR as the criterion, the diagnostic accuracy, sensitivity,
and specificity were calculated. The ROC analysis was performed using the MEDCALC®
program (MediCal Software Inc., Belgium; version 9.3 for Windows).

An independent two-tailed, unequal variance t-test was employed to determine whether Cho
SNR was different between malignant and benign lesion groups. A P-value < 0.05 was
considered statistically significant. The t-test was performed by using a software package
(version 6.0 for Windows; Origin, Microcal Software Inc., MA).

RESULTS
Lesion Characteristics

Based on the morphological pattern of enhancement, each lesion was categorized into one of
these two groups according to the ACR BI-RADS lexicon: mass type lesion and non-mass type
enhancements (26). Of the 27 patients with carcinoma, 19 (70%) presented a solitary mass or
multiple differentiable masses with well-defined borders, and the other 8 (30%) showed non-
mass enhancements without clearly defined borders. The median longest dimension of these
solitary contrast-enhanced mass lesions measured on contrast-enhanced MRI was 4.0 cm
(range, 1.2 − 9.4 cm). Of the 9 patients with benign lesions, 5 (56%) had mass lesions, with
the median longest dimension of 1.3 cm (range, 1.0 − 1.7 cm), and 4 (44%) had non-mass
lesions without clearly defined borders. The summary of patient age, tumor size, MR
characteristics, and histopathological diagnosis of all 36 patients are listed in Table 1.

Dynamic Contrast Enhancement Imaging Results
The enhancement time course was categorized into one of three patterns according to the
delayed phase: persistent, plateau, and washout. Of the 27 malignant cases, 20 (74%) showed
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washout, 4 (15%) showed plateau, and 3 (11%) showed persistent enhancing pattern. Of the 9
benign cases, 7 (78%) exhibited persistent enhancement pattern, 1 (11%) showed plateau, and
1 (11%) showed washout. The washout and plateau patterns were considered suspicious of
malignancy. Using the criteria, the diagnostic sensitivity and specificity based on contrast
enhancement kinetics were 89% (24/27) and 78% (7/9), respectively.

Chemical-Shift Imaging Results
The diagnostic performance of Cho SNR measured by CSI was evaluated using the ROC
analysis (Fig.1). The optimal Cho SNR cutoff point that yielded the highest accuracy was found
to be > 3.2 (Fig. 1). On the basis of this criterion, a Cho SNR of greater than 3.2 was diagnosed
as malignancy, whereas a Cho SNR of 3.2 or less was benignity. The resulted sensitivity was
81%, specificity was 78%, and the overall accuracy was 81%. There were 5 false-negative
cases with Cho SNR from 2.1 to 3.2, including 4 invasive ductal carcinomas and one mixed
invasive and lobular carcinoma. In 9 patients with benign lesions, seven were true-negative
cases, including 4 fibroadenomas and 3 fibrocystic changes. The remaining two patients with
fibroadenomas were false-positive cases, with Cho SNR of 4.0 and 4.3 (subject # 30 and 33 in
Table 1). The mean Cho SNR was 2.8 (range, 1.8 − 4.3) for the benign group and 5.9 (2.1 −
17.5) for the malignant group (P = 0.02).

The diagnostic performance of CSI in all 12 lesions presenting non-mass type enhancements
was evaluated. CSI correctly diagnosed all 8 malignant lesions, and 3 of 4 benign lesions,
achieving an overall accuracy of 86%.

Example of CSI in One Malignant Lesion
Figure 2 demonstrates representative MR imaging and chemical-shift imaging from a 58-year-
old patient (subject #2 in Table 1) with an invasive ductal carcinoma. The lesion had an irregular
shape (Fig. 2a), and showed heterogeneous enhancements (Fig. 2b). Of a total of 64 CSI-voxels,
24 had identifiable Cho peaks. The mean ± standard deviation from these 24 voxels was 12.1
± 7.4 (range, 2.8 − 26.6). A large range of Cho SNRs was noted. The metabolite map clearly
demonstrated a regional Cho hot spot (Fig. 2c). The MR spectra obtained from 2×2 voxels (red
outline) containing the Cho hot spot are shown in Fig. 2d. The Cho resonance peak is comprised
of multiple choline-containing compounds (27-30). However, these signals cannot be resolved
in vivo at 1.5T, and only a single resonance peak was observed. The signal enhancement time
course from the tissues corresponding to the highest Cho voxel (Fig. 2d) showed the malignant
pattern; with rapid enhancement during the initial phase followed by washout during the
delayed phase (Fig. 2e).

Example of CSI in One Benign Lesion
Figure 3 shows MR imaging and chemical-shift imaging results from a 45-year-old patient
(subject #33) with a benign fibroadenoma. This patient showed dense glandular tissues on the
sagittal view pre-contrast image (Fig. 3a), and on the sagittal view subtraction image a
heterogeneous enhancement area was noted in the anterior right breast (Fig. 3b). CSI
demonstrated a regional Cho distribution in the enhanced areas (Fig. 3c). Ten CSI-voxels had
identifiable Cho peaks. The mean ± standard deviation from these ten voxels was 4.3 ± 1.3
(range, 2.2 − 6.5). In Figure 3d, breast MR spectrum obtained from a voxel (red outline) showed
an identifiable Cho peak. The signal enhancement time course corresponding to the Cho voxel
(Fig. 3d) showed a benign pattern; with moderate enhancement during the initial phase
followed by a persistent enhancement during the delayed phase (Fig. 3e).
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DISCUSSION
Since human breast cancer is known to exhibit morphological and metabolic heterogeneity,
multi-voxel MRS may be superior to the single-voxel technique for evaluating the spatial
variation in cases presenting as a large heterogeneous lesion or multiple lesions. The
incorporation of a CSI MRS sequence to the breast MR imaging protocol may provide
metabolic information of the enhancing lesion shown on MRI. In our study CSI was performed
using the PRESS sequence (20,21). The sequence with 4 averages took approximately 7
minutes. After including the additional time for voxel placement and shimming, the entire
sequence can be completed within 15 minutes.

There was only one published paper reporting the use of CSI for diagnosis of breast cancer in
15 patients (19). One critical question to address is how to set the criteria for differentiating
between malignant and benign lesions. We analyzed the CSI data using the ROC analysis, and
set the criteria based on the optimal cutoff point to achieve the highest accuracy, as Cho SNR
> 3.2. Using this criterion, the sensitivity, specificity, and accuracy were 81%, 78%, and 81%,
respectively. They were in the same range as reported in previously published studies listed in
Table 2. If we chose the same criteria (e.g., Cho SNR > 4) as used in Jacobs et al. (19), the
specificity could be improved to 89%, but at the expense of compromised sensitivity (81% to
67%) and overall accuracy (81% to 72%).

Based on the criterion of Cho SNR > 3.2, there were 5 false negative cases. This might be due
to partial volume effects from intermixed tumor and normal tissues in a voxel. In these five
subjects, the tumor size in all 3 dimensions was relatively small, ranging from 1.0 − 2.0 cm.
This was comparable to MRS voxel of 1.0 × 1.0 × 1.2 cm3, thus very likely to suffer from the
partial volume averaging effect. Due to this problem, CSI will have a very limited role for
characterizing small lesions. On the other hand, among all 12 lesions presenting non-mass type
enhancements, CSI correctly diagnosed all 8 malignant lesions and 3 of 4 benign lesions, with
an overall accuracy of 86%.

The lipid contamination in CSI may also attribute to low sensitivity. The adipose tissue limits
the ability to optimize the field homogeneity inside the selected volume, which in turn leads
to broad resonance peaks and reduced SNR. Intense lipid resonances can also produce sideband
artifacts. The detection of small Cho signals may be difficult because of overlaps with the
wings or sidebands of the much larger residual water and lipid signals (31). The spectral quality
may also be degraded by patient's respiratory motion (32).

We found two false-positive cases (subject #30 and 33) in our series. This has also been
consistently reported in previous MRS studies. Kvistad et al. (14) and Yeung et al. (33) reported
that Cho was present in isolated cases of fibroadenoma. In an ex vivo proton MRS study of
fine-needle breast biopsy specimens, Mackinnon et al. (27) reported that three of the 15
fibroadenomas contained detectable levels of Cho. The study of Kvistad et al. (14) and Cecil
et al. (34) found one case of fibrocystic disease, respectively. Roebuck et al. (35) reported one
case of tubular adenoma. Therefore, these benign cases probably represent the actual limits of
the specificity of breast MRS in diagnosis of breast cancer.

Previous in vivo MRS studies have demonstrated that elevated Cho peak at 3.2 ppm is observed
in neoplastic tissues (14,33-35). High resolution proton-NMR spectra acquired from biopsy
tissues have shown that a Cho resonance peak actually is comprised of multiple signals, such
as phosphocholine, glycerophosphocholine, and free choline (27-30). Among these signals,
the primary component contributing to the Cho peak is phosphocholine, a known precursor of
cell membranes synthesis (36-40). Thus, the elevated Cho level in breast cancer may be
associated with increased membrane synthesis by replicating cells. However, benign tissues
such as proliferative fibroadenomas may also show a positive-Cho signal (14,27,33).
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The high resolution and sufficient spatial coverage of the multi-voxel technique makes it
advantageous over the single-voxel technique. However, a homogeneity field and improved
water and lipid suppression is critically needed to detect a small Cho signal. Recently, Maril
et al. (41) suggested that the combination of spatial saturation pulses and first-order shimming
can provide an effective means to correct inhomogeneities in the breast. Quantitative
measurement of Cho may improve the sensitivity of MRS, to minimize the impact due to
variations in voxel size, adipose tissue content, and receiver coil efficiency. External or internal
reference methods have been applied to quantify Cho levels in breast tissue at 1.5 T (42,43)
and 4.0 T (44). These methods may be desirable for evaluating Cho concentration in breast
lesions, but they require a long scan time to measure correction factors (e.g., receiver gain,
partial volume effects, and T1 and T2 relation times, etc.), which can be done with the single-
voxel technique, but not practical with the multi-voxel technique. Furthermore, a good
reference scan and a good water and fat suppression is needed for quantification, which may
not be achieved given the field inhomogeneity over the large CSI grid. Therefore, although
quantitative MRSI is expected to provide a more accurate choline concentration, further
technical improvements are needed to achieve this goal.

This was a relatively small series from a selective patient group. However, since the subjects
were consecutive patients studied with this combined DCE and CSI protocol, it was still
meaningful for analysis of diagnostic sensitivity and specificity of DCE MRI, only to be
compared with CSI results. Of the 27 malignant lesions, the analysis of DCE enhancement
time course showed 20 (74%) washout pattern, and 4 (15%) plateau pattern. The plateau pattern
is considered equivocal, but is suspicious for recommending biopsy. In chemical-shift imaging,
three of these four patients showed Cho SNR > 3.2, that were subsequently diagnosed as cancer.
The other patient had Cho SNR of 3.2, and would be mis-diagnosed as benign on MRS. Three
malignant lesions that showed persistent enhancing kinetics were mis-diagnosed as benign on
DCE. Two of them had Cho SNR < 3.2, thus would also be mis-diagnosed as benign based on
MRS. Therefore, CSI would not improve the sensitivity of DCE MRI.

Of the 9 benign lesions, there were two false positive findings based on DCE kinetics, which
resulted in 78% specificity. One patient had the washout pattern and the other had the plateau
pattern. Their Cho SNR were 2.9 and 2.7, respectively, thus they would be correctly diagnosed
as benign based on the CSI criterion of SNR < 3.2. Therefore, consistent with previously
published studies, the value of MR spectroscopy may lie on improving specificity of DCE
MRI.

Jacobs et al (45) investigated the feasibility of combining DCE-MRI and MRSI in analyzing
breast lesions. They reported that proton MRS appears to be a promising technique for
classification of breast lesions when DCE results are equivocal. In our series, we had 5 cases
with the equivocal plateau kinetics, MRS correctly diagnosed 3 malignant lesions and 1 benign
lesion, but mis-diagnosed one malignant case as benign, therefore had an overall accuracy of
80%. The optimal analysis that can be performed is to directly compare whether the addition
of multi-voxel MRSI can indeed improve the specificity, based on reading of experienced and
inexperienced observers as reported in Meisamy et al. (18). This may be performed when more
benign cases are available.

In summary, we demonstrated that the CSI technique can be incorporated into the clinical 1.5T
breast MR imaging protocol within an acceptable scan time (approximately 15 min.). The
multi-voxel MRS sequences are currently available on most clinical MR scanners. However,
despite its wide application in brain and prostate tumor, these techniques were rarely applied
for characterizing breast lesions. One major difficulty was how to interpret the Cho signal for
diagnosis. The ROC analysis presented in this work can be used to set an objective diagnostic
criterion depending on preferred emphasis on sensitivity or specificity. Since interpretation of
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DCE MRI is set to reach a high sensitivity with compromised specificity, the metabolic
information measured by CSI may be used for improving the specificity in diagnosis of breast
tumors. However, its limitation in characterizing small lesions has to be considered. CSI may
provide advantage over the single voxel technique for characterization of lesions presenting
the non-mass type, diffuse enhancements.
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Figure 1.
The ROC curve generated from the Cho SNR measured in the 36 lesions (27 malignant and 9
benign). With a Cho SNR cutoff point of > 3.2 as malignancy, the overall accuracy was 81%;
with a sensitivity of 81% and a specificity of 78%.
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Figure 2.
MR imaging and chemical-shift imaging from a 58-year-old patient (#2) with an invasive ductal
carcinoma. (a) The sagittal T1-weighted pre-contrast MR image shows one large lesion with
hypointense signal. (b) Heterogeneous signal intensity is shown on the sagittal view
enhancement map. This image was reformatted from the axial subtraction images, thus had a
low spatial resolution. (c) The metabolite map demonstrates a regional Cho distribution on the
sagittal pre-contrast MR image. (d) Breast MR spectra obtained from 2×2 voxels (red outline)
in the center of the tumor show high Cho peaks (mean SNR = 22.4). (e) The signal enhancement
time course measured from tissues corresponding to the highest Cho voxel shows the malignant
pattern with washout during the delayed phase.
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Figure 3.
MR imaging and chemical-shift imaging from a 45-year-old patient (#33) with benign
fibroadenoma. (a) The sagittal T1-weighted pre-contrast MR image shows very dense glandular
tissues in the right breast. (b) The sagittal view enhancement map shows a heterogeneously
enhanced area in the anterior right breast. (c) The Cho metabolite map demonstrates elevated
signal in the enhanced lesion. (d) MR spectrum from a voxel (red outline) clearly demonstrates
a Cho peak, with Cho SNR = 6.5. (e) The signal enhancement time course from tissues
corresponding to the Cho voxel shows the benign pattern with persistent enhancements during
the delayed phase.

Su Page 13

J Magn Reson Imaging. Author manuscript; available in PMC 2009 January 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Su Page 14
Ta

bl
e 

1
Su

m
m

ar
y 

of
 p

at
ie

nt
 a

ge
, t

um
or

 si
ze

, M
R

 c
ha

ra
ct

er
is

tic
s, 

an
d 

hi
st

op
at

ho
lo

gi
ca

l d
ia

gn
os

is

Pa
tie

nt
 N

o.
A

ge
 (y

rs
)

* T
um

or
 S

iz
e 

(m
m

)
D

C
E

 k
in

et
ic

 p
at

te
rn

H
is

to
pa

th
ol

og
ic

 F
in

di
ng

C
ho

 S
N

R

1
35

70
×5

9×
84

pl
at

ea
u

ID
C

7.
5

2
58

60
×4

0×
95

w
as

ho
ut

ID
C

12
.1

3
49

21
×1

9×
24

w
as

ho
ut

ID
C

9.
1

4
68

40
×2

2×
40

w
as

ho
ut

ID
C

6.
0

5
43

N
on

-M
as

s
w

as
ho

ut
IL

C
4.

0
6

37
25

×2
5×

35
w

as
ho

ut
ID

C
6.

4
7

51
N

on
-M

as
s

pl
at

ea
u

IL
C

3.
6

8
54

30
×4

6×
20

w
as

ho
ut

ID
C

8.
7

9
49

N
on

-M
as

s
w

as
ho

ut
ID

C
7.

1
10

46
N

on
-M

as
s

w
as

ho
ut

ID
C

6.
9

11
50

N
on

-M
as

s
w

as
ho

ut
ID

C
 +

 IL
C

4.
4

12
53

40
×1

6×
28

w
as

ho
ut

ID
C

7.
0

13
51

53
×3

3×
59

w
as

ho
ut

ID
C

6.
7

14
51

N
on

-M
as

s
w

as
ho

ut
ID

C
4.

9
15

46
36

×3
2×

60
pl

at
ea

u
ID

C
17

.5
16

45
85

×5
0×

56
w

as
ho

ut
ID

C
9.

3
17

59
34

×2
0×

32
w

as
ho

ut
ID

C
4.

2
18

65
30

×2
0×

35
w

as
ho

ut
IL

C
5.

3
19

41
33

×3
0×

22
w

as
ho

ut
ID

C
 +

 IL
C

4.
6

20
47

N
on

-M
as

s
w

as
ho

ut
ID

C
4.

2
21

46
14

×1
0×

10
w

as
ho

ut
ID

C
2.

8
22

62
15

×1
5×

16
w

as
ho

ut
ID

C
3.

4
23

63
10

×1
0×

12
pe

rs
is

te
nt

ID
C

2.
1

24
59

15
×1

5×
20

pl
at

ea
u

ID
C

 +
 IL

C
3.

2
25

69
11

×1
1×

20
w

as
ho

ut
ID

C
3.

0
26

58
10

×1
0×

12
pe

rs
is

te
nt

ID
C

2.
7

27
73

N
on

-M
as

s
pe

rs
is

te
nt

IL
C

3.
4

28
46

10
×1

0×
10

pl
at

ea
u

Fi
br

oc
ys

tic
 c

ha
ng

es
2.

7
29

47
N

on
-M

as
s

pe
rs

is
te

nt
Fi

br
oa

de
no

m
a

3.
2

30
48

12
×1

2×
12

pe
rs

is
te

nt
Fi

br
oa

de
no

m
a

4.
0

31
46

10
×1

0×
12

w
as

ho
ut

Fi
br

oa
de

no
m

a
2.

9
32

47
N

on
-M

as
s

pe
rs

is
te

nt
Fi

br
oc

ys
tic

 c
ha

ng
es

2.
4

33
45

N
on

-M
as

s
pe

rs
is

te
nt

Fi
br

oa
de

no
m

a
4.

3
34

50
12

×1
0×

10
pe

rs
is

te
nt

Fi
br

oa
de

no
m

a
2.

0
35

50
N

on
-M

as
s

pe
rs

is
te

nt
Fi

br
oc

ys
tic

 c
ha

ng
es

1.
8

36
45

12
×1

.5
×1

.6
pe

rs
is

te
nt

Fi
br

oa
de

no
m

a
2.

4

N
ot

e.
 ID

C
 =

 in
va

si
ve

 d
uc

ta
l c

ar
ci

no
m

a,
 IL

C
 =

 in
va

si
ve

 lo
bu

la
r c

ar
ci

no
m

a

* Tu
m

or
 si

ze
 e

st
im

at
ed

 o
n 

co
nt

ra
st

-e
nh

an
ce

d 
M

R
I.

J Magn Reson Imaging. Author manuscript; available in PMC 2009 January 3.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Su Page 15
Ta

bl
e 

2
Su

m
m

ar
y 

of
 se

ns
iti

vi
ty

 a
nd

 sp
ec

ifi
ci

ty
 in

 b
re

as
t l

es
io

n 
di

ag
no

si
s u

si
ng

 in
 v

iv
o 

M
R

 sp
ec

tro
sc

op
y

M
R

 S
tu

dy
 (R

ef
er

en
ce

N
um

be
r)

* N
o.

 o
f L

es
io

ns
(M

/B
)

Se
ns

iti
vi

ty
 (%

)
Sp

ec
ifi

ci
ty

 (%
)

‡ C
ho

 d
et

ec
tio

n 
cr

ite
ri

on
† M

R
 S

pe
ct

ro
sc

op
y 

T
oo

l

Ja
ga

nn
at

ha
n 

et
 a

l. 
(1

3)
46

(3
2/

14
)

81
86

Pr
es

en
ce

, o
r n

ot
SV

K
vi

st
ad

 e
t a

l. 
(1

4)
22

(1
1/

11
)

82
82

Pr
es

en
ce

, o
r n

ot
SV

Ts
e 

et
 a

l. 
(1

5)
40

(1
9/

21
)

89
10

0
C

ho
 S

N
R

 ≥
 2

SV
H

ua
ng

 e
t a

l (
16

)
30

(1
8/

12
)

10
0

67
C

ho
 S

N
R

 ≥
 2

SV
B

ar
te

lla
 e

t a
l. 

(1
7)

57
(3

1/
26

)
10

0
88

C
ho

 S
N

R
 ≥

 2
SV

Ja
co

bs
 e

t a
l. 

(1
9)

18
(8

/7
)

87
85

C
ho

 S
N

R
 ≥

 4
C

SI

N
ot

e.

* N
o.

 o
f L

es
io

ns
 (/

) =
 to

ta
l l

es
io

ns
 (m

al
ig

na
nt

/b
en

ig
n)

.

‡ C
ho

 d
et

ec
tio

n 
cr

ite
rio

n;
 C

ho
 S

N
R

 =
 C

ho
lin

e 
si

gn
al

-to
-n

oi
se

 ra
tio

.

† M
R

S 
te

ch
ni

qu
e;

 S
V

 =
 si

ng
le

-v
ox

el
 sp

ec
tro

sc
op

y,
 C

SI
 =

 c
he

m
ic

al
-s

hi
ft 

im
ag

in
g.

J Magn Reson Imaging. Author manuscript; available in PMC 2009 January 3.


