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In vivo proton magnetic resonance (MR) spectroscopy (hydrogen 1
spectroscopy) provides useful information about the pathology of
breast lesions by the measurement of diagnostic chemicals visible on
the MR timescale. Spectroscopic measurements may be obtained fol-
lowing contrast-enhanced MR imaging by applying a point-resolved
spatially localized spectroscopy sequence. The observation of reso-
nances at discrete spectral frequencies allows an accurate diagnosis. In
spectra obtained in vivo in malignant breast cancers, an observed reso-
nance at 3.23 ppm is consistent with phosphocholine. In spectra from
benign breast lesions and some normal breast tissue in lactating moth-
ers and in some nonlactating healthy women, a recorded resonance at
3.28 ppm is thought to originate from glycerophosphocholine, taurine,
or myoinositol. The success of in vivo spectroscopy depends on the
appropriate pre-acquisition setup, acquisition protocol, and postpro-
cessing techniques for achieving high spectral resolution and a signal-
to-noise ratio sufficient to separate the resonances of the important
biomarkers. When implemented correctly, the method is diagnostically
accurate and robust.
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Abbreviations: FID = free induction decay, FWHM = full width at half maximum, PRESS = point-resolved spatially localized spectroscopy, RF =
radiofrequency, ROI = region of interest, SI = spectroscopic imaging, SNR = signal-to-noise ratio, STEAM = stimulated echo acquisition mode,
SVS = single-voxel spectroscopy, tCho = total choline-containing compounds, TE = echo time, TR = repetition time
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Figure 1. Proton single-voxel spectra obtained by using the STEAM sequence
(repetition time [TR] = 2000 msec, echo time [TE] = 31 msec) at 1.5 T in a
breast cancer patient. The spectrum on the left shows strong water and lipid sig-
nals, and the total choline resonance (arrow) is visible at 3.2 ppm. On the right, the
vertical display is increased by 525 times, whereupon the choline resonance is now
more apparent. (Reprinted, with permission, from reference 13.)

Introduction
Presurgical assessment of the pathologic type,
spatial location, and extent of breast lesions has
the potential to greatly improve the management
of breast cancer. Contrast-enhanced magnetic
resonance (MR) imaging has gained acceptance
as an important breast imaging modality but does
not always lead to a definitive diagnosis. In March
2007, it was reported that MR imaging could im-
prove the diagnostic accuracy of clinical breast
examination and mammography by enabling the
detection of contralateral breast cancer soon after
the initial diagnosis of unilateral breast cancer.
Investigators in a multi-institutional and multina-
tional study had found that the specificity of MR
imaging in their patient cohort was 88% (1).

Soon afterward, a report from the American
Cancer Society suggested guidelines for screen-
ing with the use of MR imaging as an adjunct to
mammography (2). The following statement ap-
pears in these guidelines: “MR imaging scans are
more sensitive than mammograms, but they are
also more likely to show spots in the breast that
may or may not be cancer. Often there is no way
of knowing whether or not these spots are cancer-
ous short of a follow-up biopsy or some other in-
vasive procedure.”

These comments give rise to the question of
whether the diagnostic accuracy of breast MR
imaging can be improved with the adjunctive use
of in vivo proton MR spectroscopy (hydrogen 1
[*H] spectroscopy). A current goal therefore is
the further development of in vivo proton MR
spectroscopy to enable an accurate and reliable
preoperative diagnosis of breast lesions. This is an
area of active research in several laboratories
worldwide.

The chemistry of human tissues and organs
is altered in the presence of disease, and these
changes in cellular chemistry are measurable with
I'H MR spectroscopy (3,4). 'TH MR spectroscopy
of fine-needle aspiration biopsy specimens from
the breast provides a wealth of diagnostic and
prognostic information (5,6). How much of this
useful information can be obtained with in vivo
spectroscopy remains to be determined.

Choline-containing compounds have been
identified as biomarkers of cancer (7-10). The
results of ex vivo studies have shown that the cho-
line resonance present in breast cancer tissue is a
composite produced by signals from several bio-
chemicals (11,12). The primary constituents in-
clude free choline, phosphocholine, and glycero-
phosphocholine; in addition, taurine, glucose,
phosphoethanolamine, and myoinositol may con-
tribute to the composite resonance (12). Recent
evidence indicates that the appearance of phos-
phocholine in the spectrum is due mainly to in-
creased choline kinase activity and increased ca-
tabolism mediated by increased phospholipase C
activity (8).

The individual resonances that are clearly re-
solved in ex vivo studies are broadened in the in
vivo MR spectra, and they coalesce into a broad-
ened composite resonance. The initial report
about the application of in vivo MR spectroscopy
in the breast was published by Roebuck and col-
leagues, who found a choline resonance at 3.2
ppm in spectra from cancerous tissues (13). They
also found that in some individuals a strong lipid
(fat) signal might mask a potentially diagnostic
choline resonance (Fig 1). The results of a later
series of studies of breast MR spectroscopy in
vivo at 1.5-4.0 T with a range of surface coils and
pulse sequences have been summarized in several
publications (9,14). A number of authors have
proposed that the broad composite resonance at
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Figure 2. Typical 1.5-T proton single-voxel spectra
obtained by using the PRESS sequence (TR = 2000
msec, TE = 135 msec; 256 signals acquired). Data
were acquired by using a commercially available MR
imaging system (GE Healthcare, Milwaukee, Wis) and
a specially designed double breast coil (23). After ac-
quisition, the data were zero-filled from 2048 to 8192
data points, and a Gaussian apodization function of 1.5
Hz with a 15% echo offset was applied before fast Fou-
rier transform. The spectra were referenced to the
methylene resonance of lipid at 1.33 ppm and water at
4.74 ppm. In the spectral region shown (2.5-3.7 ppm),
the following may be evident: creatine-containing com-
pounds at 3.04 ppm; phosphocholine at 3.22 ppm; and
glycerophosphocholine, taurine, and myoinositol,
which coresonate at 3.28-3.35 ppm. A, Patient with
histologically confirmed invasive ductal carcinoma. B,
Lactating volunteer (voxel collected from glandular
tissue). C, Nonlactating volunteer (voxel collected from
glandular tissue). In the spectrum from the cancer pa-
tient, resonances can be assigned to creatine-containing
compounds (Cre) (3.04 ppm) and phosphocholine
(PC) (3.22 ppm). In the spectra from the lactating and
nonlactating volunteers, spectral referencing reveals a
different chemical shift for the center of the tCho reso-
nance, which is at 3.28 ppm. This shift may be due to a
different chemical species (glycerophosphocholine, tau-
rine, or myoinositol or a combination thereof) as yet
undesignated. (Reprinted, with permission, from refer-
ence 20.)

3.2 ppm, produced by choline and choline-con-
taining compounds and denoted as total choline-
containing compounds (tCho), be considered a
stand-alone marker of malignant disease (9,15—
19). However, that hypothesis is disputable; the
present authors (20) and others (21,22) have
questioned the validity of using the simple detec-
tion of such a broad composite resonance as a
marker for malignancy. However, at the higher
magnetic field strength of 4.0 T, the intensity of
the choline resonance measured in volunteer
(control) subjects is such that quantification of
the tCho signal has been advocated as a possible
means of diagnosing malignancy (21).

Using a custom-built surface coil and carefully
implemented experimental protocols (23), at the
lower magnetic field strength of 1.5 T, it was
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found that the center of the composite choline
resonance is at a different spectral frequency in
malignant cancer than in normal breast tissue. It
also was found that the composite choline reso-
nance in some instances could be resolved into
multiple resonances (20). Spectra from invasive
breast disease showed a resonance centered at
3.23 ppm, whereas in the spectra obtained from
breast tissue in healthy volunteers (including lac-
tating mothers) the resonance was centered at
3.28 ppm (Fig 2). The assignment of the 3.28
ppm resonance remains unresolved, but likely
candidates are taurine, glycerophosphocholine,
and myoinositol. Thus, the term zozal choline is a
misnomer when the resonance is at 3.28 ppm.

With the increased interest in molecular imag-
ing, there is a strong drive in the research commu-
nity to use in vivo proton MR spectroscopy to
help improve diagnostic specificity and prognostic
capability by accurately identifying the pathologic
process and to monitor the response to therapy
(24-28). With the recognition that a broad reso-
nance at 3.2 ppm is detectable in spectra from
some normal glandular breast tissue, there is an
increased emphasis on proficiency in the acquisi-
tion of in vivo MR spectra.

This article describes a method for obtaining
in vivo MR spectra from the breast, in as short
a time as possible, with a signal-to-noise ratio
(SNR) sufficient to allow the diagnostic reso-
nances to be recorded, while maintaining the
highest possible spectral resolution. Success de-
pends greatly on the capability of the MR imaging
system to operate as a spectrometer.

The parameters that characterize each MR
resonance include frequency, height, line width at
half-height, and signal phase (which may be al-
tered when multiple-pulse spatial localization se-
quences are used) (29). The frequency at which a
particular proton resonates depends on the local
chemical environment of that proton. Protons are
influenced not only by the nuclei to which they
are directly attached but also by nuclei that are
nearby (both those that are spatially proximate
and those that are one or two chemical bond
lengths away). The height (the maximum reso-
nance intensity) and the area under the resonance
curve (the integral) may be calculated to obtain
relative measurements of the concentration of
protons. The line width of a resonance at its half-
height is approximately proportional to the in-
verse of the T2 relaxation value of that metabo-
lite. Protons attached to large molecules have a
short T2 relaxation time and are observed as a
broad, short resonance, whereas protons attached
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to small molecules have longer T2 relaxation
times and are observed as narrow, more intense
resonances.

Preparing for Spectroscopy

Coils

Most coils currently used for breast MR imaging
are multichannel coils. It is important that MR
spectroscopy be performed with the same coil
used for MR imaging so that the imaging and
spectroscopy data are directly comparable. Spec-
troscopy requires that the raw free induction de-
cay (FID) data collected from each channel be
accurately summed prior to Fourier transform.
Multichannel coils provide an increased SNR and
therefore should be advantageous for in vivo MR
spectroscopy (30).

Voxel Prescription

The area of investigation, or region of interest
(ROYI), is usually chosen after the administration
of an MR imaging contrast agent. A breast lesion
is identified through a careful consideration of
morphology and enhancement kinetics. In pre-
scribing a voxel or voxels for MR spectroscopy,
care should be taken to include as much of the
lesion as possible while avoiding surrounding adi-
pose tissue. The presence of gadolinium chelates
is not thought to adversely affect the performance
of breast MR spectroscopy (19).

Pre-acquisition Setup

When undertaking MR spectroscopy, the acquisi-
tion parameters are adjusted on a patient-by-pa-
tient basis to obtain optimal spectral resolution
and SNR. The parameters set during the auto-
mated pre-acquisition procedure typically include
shimming, power calibrations, frequency adjust-
ment, and water-suppression adjustment. While
all the pre-acquisition adjustments are important
for obtaining high-quality in vivo MR spectra,
shimming and water suppression are particularly
important (31). It is crucial to spend the neces-
sary time on these procedures.

Shimming.—In MR spectroscopy, detectable
biochemical markers are distinguished from one
another by their resonance frequency, line shape,
line width, phase, and integral (resonance area)
(29,32). The line width of a resonance is depen-
dent both on the intrinsic T2 of the biomarker
and the homogeneity of the magnetic field in the
region. The line width that is due to the intrinsic
T2 is typically less than 1 Hz, whereas the line
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width from field inhomogeneity may be from 5 to
10 Hz. The term 72* is used to describe the com-
bined effects of intrinsic T2 and magnetic field
inhomogeneity that also contribute to the ob-
served line width. In biologic tissues, several fac-
tors can contribute to the inhomogeneity of the
magnetic field. Variations in the main magnetic
field (By) that arise from extrinsic factors (nota-
bly, susceptibility-induced field shifts) cause
broadening and distortion of these resonance
characteristics and must be minimized to acquire
high-quality in vivo MR spectral data. Suscepti-
bility-induced magnetic field distortions arise pri-
marily from different magnetic permeabilities,
particularly at air—soft tissue interfaces and to a
lesser degree at soft tissue—bone interfaces (33).
Consequently, when a subject is placed in an MR
imaging system, significant By, inhomogeneities
are generated that depend on the presence and
distribution of different tissue types. These B,
inhomogeneities are often the dominant factor
limiting successful MR spectroscopy applications,
with in vivo spectroscopy being particularly sensi-
tive to even small variations in magnetic field uni-
formity.

Because of susceptibility-induced magnetic
field inhomogeneities, shimming is usually re-
quired for each MR spectroscopy data set (34).
Shimming is the process by which the B, field is
made as homogeneous as possible. This process
typically involves adjusting the electric currents in
the linear x-, y-, and z-gradient coils used in im-
aging. Automated shimming, in which a B, field
map is acquired and the electric current corre-
sponding to each of the available shim coils is ad-
justed by using a least squares minimization pro-
cedure, has greatly improved localized shimming
results (35,36). The use of higher-order shim
coils capable of generating second- and third-
order spherical harmonics, in addition to the
shimming of linear gradient coils, also has yielded
improved results (37).

While automated shimming procedures pro-
vide relatively consistent results in the homoge-
neous surrounds of the brain, their use for in vivo
MR spectroscopy of the breast is more challeng-
ing because of the proximity of the lungs and the
inherent susceptibility differences between adi-
pose tissue and glandular tissue. It is therefore
advisable, after completing the automated shim-
ming procedure, to check the localized shim re-
sult and perform any necessary manual adjust-
ments to obtain the highest-quality result for each
acquisition (Fig 3). In general, this involves inter-
active optimization of the water signal (to increase
the resonance height and reduce the resonance
width) by manually adjusting the electric currents
in each of the coils available for shimming indi-
vidually (Fig 4). This is particularly important at
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Figure 3. Effect of manual
3 o versus automated shimming
for optimizing the water sig-
FWHM 9Hz nal, demonstrated by using a
il » « single-voxel study of a human
brain (TR = 2000 msec,
TE = 135 msec). (a) Spec-
trum obtained with automated
shimming only. The arrow
points to the division between
the choline and creatine reso-
nances. (b) To determine the
i 3 5 5 Pl i P i shim, the unsuppressed water
b. resonance (at 4.74 ppm) is
measured. In this case, it has
a full width at half maximum
(FWHM) of 9 Hz (arrows).
'.' E (c) Spectrum from the same
location, obtained with manual
FWHM 7Hz shimming. (d) The unsup-
2 ‘ « pressed, corresponding water
resonance has a FWHM of
7 Hz (arrows). The increased
spectral resolution obtained
with manual shimming allows
for further separation of the
W\A'/\NM resonances at the region indi-
T cated by the arrow in a and c.
4 3 2 1 600 580 580 540 Spectra were obtained at 3.0 T.

-
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Figure 4. Interactive shimming with the Syngo platform (Siemens; Erlangen, Germany). (a) Results obtained with
automated prescan conditions: Both vertical arrows show the FWHM to be 11 Hz. The thick horizontal arrow reveals
a signal amplitude of 30,923 units. Thin horizontal arrows show the settings of the x-, y-, and z-gradient coils produc-
ing this shim. (b) Improved results from the same voxel following manual adjustment of the x-, y-, and z-gradient
coils (thin horizontal arrows): Vertical arrows show the result of the FWHM of 3.4 Hz. The thick horizontal arrow
reveals a signal amplitude of 76,042 units. The thin horizontal arrow in the top panel indicates that the tendency of
the interactive adjustment is toward improvement rather than deterioration in the localized shim result. The vertical
arrow under the Gaussian water resonance (bottom panel in a and b) also visually reveals a decrease in the width of
the water resonance with improved localized shimming.

higher magnetic field strengths, as susceptibility Water Suppression.—For in vivo 'H MR spec-
shifts increase with increasing magnetic field troscopy, the water resonance is suppressed to
strength. The intricacies of shimming are well allow the detection of the metabolite signals of

covered in a two-part series by Hull (34).
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Figure 5. In the middle and on the right, single-voxel spectra of breast cancer acquired at 3.0 T by using the
PRESS sequence. The contrast-enhanced image on the left indicates the voxel placement within a 4-cm inva-
sive ductal carcinoma. The spectrum in the center is a typical water-suppressed spectrum acquired with TR of
2000 msec, TE of 135 msec, and 192 signals acquired. The spectrum on the right was acquired from the same
location, with the same TR and the same number of signals acquired, but with TE of 270 msec. Both spectra
show resonances at 3.04 ppm from creatine-containing compounds and from phosphocholine at 3.23 ppm.
However, the resonance attributable to creatine-containing compounds is better resolved in the spectrum col-
lected with a TE of 270 msec (arrows). This is due to increased T2 relaxation at this longer TE, reducing the
amplitude of lipid. It can also be seen that the methyl to methylene resonances (attributable to lipid), at 1.33
and 0.90 ppm, respectively, are reduced in intensity at TE of 270 msec because of increased T2 relaxation of

these lipid signals.

interest, which may be 10,000 times less concen-
trated than the water signal. Water suppression
usually involves the implementation of a series of
three water-frequency—selective radiofrequency
(RF) pulses followed by dephasing gradient
pulses that null (flatten) the water signal (38).
Because of finite water relaxation times, water
suppression is typically achieved by using RF
pulse flip angles other than 90° (typically, 110°—
120°); thus, improved water suppression may be
achieved by varying the flip angle of the final wa-
ter-frequency-selective RF pulse to null the water
signal. Automated pre-acquisition setup proce-
dures include a step in which the flip angle is ad-
justed to achieve optimal water suppression. The
degree of suppression may be further fine-tuned
manually by increasing or decreasing the flip
angle of the third frequency-selective RF pulse to
reduce the amplitude of the water resonance.

Localization and

Spectral Data Acquisition
Localization for in vivo MR spectroscopy involves
the identification of a spatially dependent ROI for
the collection of spectral data without unwanted
signal from surrounding tissues. For in vivo stud-
ies a voxel size of 3—8 cm? generally is used; how-
ever, with current higher-field-strength MR imag-
ing systems, a voxel as small as 1 cm? may be se-
lected. The smaller the voxel, the smaller the
amount of tissue present within it; hence, there

may be a need to improve the SNR by increasing
the examination time. Thus, there is a trade-off
between the size of the voxel and the acquisition
time.

The two commonly used localization methods
are single-voxel spectroscopy (SVS) and spectro-
scopic imaging (SI).

Localization with SVS

SVS makes use of modulated, frequency-selective
RF pulses applied in the presence of a pulsed gra-
dient field to select the volume for spectral mea-
surement (a single voxel) (Fig 5). Three selective
pulses are applied, one after the other, in the pres-
ence of mutually orthogonal field gradients (39).
The intersections of the three planes define the
ROL.

Localization with SI

Within the same acquisition time as that required
for spectral measurement of a single voxel with
SVS, SI may be performed to collect an array of
spectra from a two-dimensional plane or three-
dimensional volume containing multiple voxels
(42). Phase-encoding gradients are employed to
encode the spatial dimensions, and the MR signal
is collected in the absence of any gradient, to
maintain the spectroscopic information. A sepa-
rate MR spectrum is collected from each voxel;
thus, the metabolic profile of tissue in the indi-
vidual voxel locations can be inspected, as can the
spatial distribution of specific metabolites of in-
terest across multiple voxels (Fig 6). SI also al-
lows data acquisition from a smaller voxel (as
small as 0.8 cm? at higher magnetic field
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The sagittal image on the left (TR = 4000 msec, TE = 70 msec, TI = 150 msec) indicates

the location of an acquisition array positioned within an area of breast cancer. The figure on the right
shows an array of spectra from SI, acquired at 1.5 T by using the PRESS sequence (TR = 1150 msec,
TE = 135 msec). All spectra are within the spectral region of 2—4 ppm. Each numbered spectrum in this
array corresponds to a voxel with the same number superimposed on the image. The tCho resonance at
3.2 ppm is seen in the voxels that correspond to the spatial distribution of cancer (voxels 4, 8,9, 10, 11,
14, 15,16, 17, 21, 22, 23, 27, 28, and 29) and is most prominent in voxels 9, 10, and 15-17, where the

resonance is indicated by the arrow.

strengths) than is possible with SVS. However, SI
has the disadvantage that the voxel shape may be
less well defined than with SVS. This can result
in the contamination of spectral data from indi-
vidual voxels by large-amplitude signals emanat-
ing from surrounding voxels. Although SI with a
smaller voxel size may be more time consuming
than SVS, SI may be used to examine a larger
area. Efforts to reduce the acquisition time for SI
are under development (43,44).

Acquisition Techniques

Two commonly used techniques for localization
and interrogation of a voxel or voxels are stimu-
lated echo acquisition mode (STEAM) (40) and
point-resolved spatially localized spectroscopy
(PRESS) (41).

STEAM Technique.—The sensitive volume in
STEAM localization is selected by applying three
consecutive frequency-selective 90° pulses to gen-
erate a stimulated echo from the ROI; full local-
ization is achieved in a single acquisition, and
there is no need for phase cycling (40). Advan-
tages of the STEAM technique include a well-
delineated ROI, because the frequency-selective
90° pulses generate a good section profile. In ad-
dition, signal losses due to T2 relaxation remain
minor. There is excellent water suppression, and
the 90° RF pulses employed are more broadband
than equivalent 180° pulses, with the advantage

that the resultant localized signal is less depen-
dent on RF inhomogeneities. However, with the
use of STEAM localization, there may be a signal
loss of up to 50%, in comparison with the PRESS
technique; this signal decrease may translate into
an increase of up to 26% in the voxel dimension
or a fourfold increase in acquisition time (39).
Figure 1 is an example of breast MR spectroscopy
data collected by using STEAM.

PRESS Technique.—The sensitive volume in
PRESS localization is selected by applying a fre-
quency-selective 90° pulse followed by two fre-
quency-selective 180° pulses to generate a spin
echo from the ROI (41). The principal advantage
of PRESS over STEAM is the additional gain in
SNR with the collection of a spin echo as opposed
to a stimulated echo. However, T2 losses are
more pronounced with PRESS than with
STEAM, and the SNR advantage gained with
PRESS may be partially reduced if the T2 losses
are significant. Disadvantages of PRESS include a
poor section profile even if improved pulse de-
signs are employed. Moreover, the transition
bands of the RF pulses generate unwanted coher-
ences that need to be eliminated. In addition,
maximum RF power is required to retain the
same chemical shift displacement error with
PRESS when compared to STEAM. Typical
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Two commonly used techniques for localization and interrogation of a voxel or voxels are stimulated echo acquisition mode (STEAM) and point-resolved spatially localized spectroscopy (PRESS). The sensitive volume in STEAM localization is selected by applying three consecutive frequency-selective 90° pulses to generate a stimulated echo from the ROI; full localization is achieved in a single acquisition, and there is no need for phase cycling. Advantages of the STEAM technique include a well-delineated ROI, because the frequency-selective 90° pulses generate a good section profile. In addition, signal losses due to T2 relaxation remain minor.

Teaching Point
The sensitive volume in PRESS localization is selected by applying a frequency-selective 90° pulse followed by two frequency-selective 180° pulses to generate a spin echo from the ROI. The principal advantage of PRESS over STEAM is the additional gain in SNR with the collection of a spin echo as opposed to a stimulated echo. However, T2 losses are more pronounced with PRESS than with STEAM, and the SNR advantage gained with PRESS may be partially reduced if the T2 losses are significant.
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Figure 7. Single-voxel spectra in the middle and on the right, acquired at 3.0 T by using the PRESS se-
quence, from an apparently healthy volunteer. The image on the left indicates the voxel placement within the
glandular tissue. In the center there is a typical water-suppressed spectrum acquired with TR of 2000 msec, TE
of 135 msec, and 192 signals acquired. The spectrum on the right is acquired from the same location, with the
same TR but with TE of 270 msec. There is a resonance centered at 3.28 ppm in both spectra. Increasing the
TE from 135 to 270 msec reduces the amplitude of lipid (at 0.90 and 1.33 ppm) due to increased T2 relax-
ation, and as a consequence the resonance at 3.28 ppm is more prominent at the longer TE. Note that if this
3.28 ppm resonance were interpreted as a broad composite resonance in the 3.2 ppm region it would be a false-

positive.

single-voxel spectra obtained with a PRESS se-
quence and with TEs of 135 msec and 270 msec
are shown in Figure 7.

Pitfalls in Data Acquisition
The in vivo 'H MR spectra from the breast are
often dominated by lipid resonances. When adi-
pose tissue that is not part of the pathologic pro-
cess in breast cancer is included in the ROI for
MR spectroscopy, its inclusion causes several
problems. Adipose tissue makes localized shim-
ming more difficult because its magnetic suscepti-
bility differs from that of surrounding glandular
(and malignant) tissues. In addition, the interac-
tion between lipid signals and the pulsed gradi-
ents necessary for localization may produce lipid
sideband artifacts, which may produce spectral
artifacts that hinder interpretation (45). With in
vivo MR spectroscopy, the amplitude of these
artifacts may be as large as the amplitude of the
resonances in the 3—4-ppm region. However, the
effects of unwanted lipid signals can be reduced
by using various techniques to decrease the lipid
signal amplitude.

Techniques for limiting the effects of un-
wanted lipid signals include suppression of the
signal either through the application of an inver-
sion-recovery technique or by selective frequency
suppression of the dominant lipid signal. How-
ever, suppression of the lipid resonance eliminates
the possibility of assessing lipid that actually is
involved in the disease process. Similarly, a

method has been proposed in which spectral data
are collected from the same volume by using sev-
eral different TEs, a technique that results in co-
herent cancellation of the sideband artifacts (45).

A less complicated method for limiting the ef-
fects of unwanted lipid signal is the careful place-
ment of the spectroscopic ROI. For this reason,
the voxel selection is best planned on the basis of
early-phase contrast-enhanced imaging in con-
junction with non—fat-saturated imaging. Dy-
namic contrast-enhanced imaging allows the
identification of an enhancing lesion before the
noninvolved breast parenchyma enhances, while
non—fat-saturated imaging allows the determina-
tion of the spatial distribution of noninvolved
adipose tissue. In addition, the use of a long TE
(135-350 msec) has been advocated to reduce the
amplitude of the lipid and water signals through
natural T2 relaxation effects that still allow the
assessment of pathophysiologic lipid signals (22)
(Fig 5).

Quantitative MR Spectroscopy
Quantitation of the recorded tCho signal has been
advocated as an indicator of breast malignancy
(21). Only molecules that are mobile on the MR
timescale are available for inspection with MR
spectroscopy. However, the rationale for quanti-
tation is that the area of the resonance is propor-
tional to the number of protons contributing to
the signal. Thus, the number of molecules mea-
surable by MR spectroscopy may be derived from
the calculated integral (resonance area) for that
compound or may be expressed as a ratio of an-
other resonance or standard.
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There are two common approaches to quanti-
tation: Intravoxel water may be used as an inter-
nal reference (21), or an external standard may be
chosen (46). However, for accurate measurement
of the relative amount of a metabolite, the reso-
nance must be corrected for by the relaxation
properties of the signal and optimally must not
overlap with any other resonances in the spec-
trum. That is often difficult to accomplish when
low signal intensity is encountered, as is often the
case in spectroscopy performed at the commonly
used field strength of 1.5 T..

Postprocessing
The postprocessing of the FID signal through a
Fourier transform is essential for the interpreta-
tion of proton MR spectroscopy data. Several im-
portant steps are required to compensate for any
introduced artifacts (eg, eddy currents) and to
optimize spectral analysis (eg, increase spectral
resolution and calculate the resonance integral).
While the optimization of acquisition techniques
is key for the collection of high-quality 'H MR
spectral data, important spectral information also
may be obtained through the optimal postpro-
cessing of data, particularly data acquired in vivo,
in the clinical setting (Fig 8).

During data collection, the FID signal is con-
verted from analog to digital format. The resolu-
tion of the resultant digital signal determines the
spectral resolution. After data collection, MR sig-
nal postprocessing is performed. The processing
steps that are usually applied to the time-domain
data consist of water referencing, apodization,
and zero filling (Fig 8). Then, after the Fourier
transform and before the spectral resonance anal-
ysis and interpretation, a phase correction and
baseline correction are performed on the fre-
quency-domain data. These crucial steps in the
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Figure 8. Flow
Peak analysis scheme for process-
and interpretation ing of a raw time-

domain data file from
MR spectroscopy,

from collection of the
FID signal to clinical

Phase correction
Baseline correction

diagnosis. The raw
data may be pro-

cessed by software
supplied by MR sys-
tem manufacturers
or by stand-alone
software.

postprocessing of in vivo breast spectra are de-
scribed below and in Figure 2.

Eddy Current

Correction and Water Referencing

Rapid alternations in polarity of the gradient mag-
netic field may produce electric currents known
as eddy currents in the conductive structures that
surround the magnet. In the absence of any com-
pensation or correction measures, these eddy cur-
rents produce time-dependent shifts of the reso-
nance frequency, which result in distortion of the
spectrum after Fourier transform. Most modern
MR imaging systems are equipped with actively
shielded gradients that minimize the effect of
eddy currents. If necessary, a correction may be
performed by using the water signal collected
without water suppression as a reference. Careful
use of the water signal as a reference to correct for
frequency variations may help to accurately deter-
mine the exact frequency of any detected reso-
nance in the 3.00-3.50-ppm spectral region (47).
Careful referencing of the spectrum has proved to
be important for distinguishing between normal
and malignant breast tissue (20).

Apodization

Apodization is the multiplication of the raw MR
time-domain signal by a particular function with
the intention of improving the SNR and spectral
resolution, removing truncation artifacts, or re-
moving broad spectral components in the fre-
quency domain (48). For MR spectroscopy in
vivo, the most common filter functions decay with
time, so the signal is enhanced at the beginning of
the data collection period and is suppressed at the
end (Fig 9). In addition, the center of a filter
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Figure 9. The effect of time-domain data apodization (postprocessing of the FID signal) with the ap-
plication of different decay filter functions. The top row shows the data prior to processing. The middle
row shows the effect of each of the following filter functions: no filter (left column), a 300-msec filter
(middle column), and a 150-msec filter (right column). The bottom row shows the product of this post-
processing, after Fourier transform. In this last row, two trends are evident from left to right: the SNR

can be seen to improve, visualized as loss of the noise ripple (horizontal arrows), whereas spectral resolu-
tion declines, visualized as the decreased separation of the two resonances at approximately 3.0-3.3 ppm

(vertical arrows).

function may be shifted in such a way that it coin-
cides with the part of the FID signal that requires
the most enhancement (echo offset). Note that
apodization may alter relative resonance intensi-
ties and therefore should be applied carefully. In
addition, the specific details of the process should
be described accurately when results are reported.

Zero Filling

Zero filling is a method of artificially increasing
the number of digital data points by inserting ad-
ditional data points of zero amplitude at the end
of the FID, following data acquisition. Zero filling
of the time-domain signal data achieves the same
effect as interpolation of the frequency-domain
signal data. This method helps improve spectral
resolution by producing a better representation of

T T T T T T T T T T T T T

315 3l.i] 2l.5 ppm
Figure 10. The effect of zero filling on spectral reso-
lution. Spectra in A and B both were treated with a
Gaussian apodization function of 1.5 Hz and a 15%
echo offset. 4 was zero filled from 1024 to 2048 data
points, while B was not. Fourier transform was then
performed on each. Spectral resolution is improved, as
shown by the evidence of finer details in A. The arrows
denote resonances that were not resolved in the data set
without zero filling.
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Figure 11. The axial T2-weighted image on the left indicates the voxel placement within the glandular tissue
in a healthy volunteer. The single-voxel spectrum on the bottom right was acquired at 3.0 T by using the
PRESS sequence (TR = 2000 msec, TE = 135 msec, 192 signals acquired) and is typical of water-suppressed
spectra acquired with this sequence. There is no discernible resonance at 3.2 ppm. When the vertical display is
increased and the spectral region of 2.00—4.00 ppm is displayed (inset above), a discrete resonance is seen at
3.28 ppm. Note that if this 3.28 ppm resonance were interpreted as a broad composite resonance in the 3.2

ppm region, this would have been a false-positive.

fine details, allowing a more accurate definition of
the position and height of resonances, and, hence,
evaluation of the relative amounts of metabolites
(Fig 10) (49).

Phase Correction

During a spectroscopy measurement, phase shifts
may be introduced as a result of hardware set-
tings, sequence timing (which produces fre-
quency-dependent phase shifts), or both. Follow-
ing the Fourier transform, these shifts introduce a
mixture of absorption and dispersion signals into
the frequency spectrum. Since final interpretation
is performed on a pure absorption spectrum,
phase correction is required to separate pure ab-
sorption and pure dispersion modes into the real
and imaginary parts of the complex spectrum.

Baseline Correction

The baseline of an MR spectrum should be flat
until the resonance is reached; however, several
factors may affect the baseline. These include a
delay between RF excitation and the beginning of
the FID signal collection, a factor that may pro-
duce a rolling baseline even after appropriate
phase correction. This may occur during proton
SI, when time is allowed for phase encoding be-
fore FID signal collection. Other baseline distor-
tions may be due to broad spectral humps from

compounds such as macromolecules with a short
T2 (50).

Resonance Assignment
The identification and assignment of metabolites
in spectra from in vivo proton MR spectroscopy
of the breast may be accomplished in several
ways. First, spectra may be acquired by using
phantoms that contain known concentrations of

compounds thought to be present in the patho-
logic processes under investigation by using the
same experimental parameters. Large databases
of MR spectral resonances, frequencies, intensi-
ties, and other parameters for known compounds
have been accumulated over the past 30 years and
are available to assist in this process of metabolite
identification (51). Second, spectra may be ob-
tained with different TEs to observe the behavior
of the resonances at different TEs. This method
provides information about the T2 values of the
resonances and may reveal resonance multiplicity
(51). Third, more-sophisticated MR experiments,
such as “editing” and two-dimensional correlated
spectroscopy, may be performed in vivo to assist
in the assignment of resonances to specific mol-
ecules (52,53).

What We Can Expect When

Using the Protocol Described
The goal is to devise acquisition and postprocess-
ing techniques that will allow the most effective
use of in vivo 'H MR spectroscopy for noninva-
sive preoperative identification and diagnosis of
breast lesions. The hypothesis that a malignancy
may be diagnosed confidently on the basis of the
detection of a broad composite choline resonance
at in vivo proton MR spectroscopy has been chal-
lenged. Current efforts are concentrated on rec-
ognizing the frequencies of detected signals in
the 3—4-ppm region and quantifying those reso-
nances. There is a need for consistently high spec-
tral quality, sufficient SNR, and sufficient spectral
resolution to allow the separation of resonances in
the 3—4-ppm region and, thus, to distinguish le-
sions with abnormal biochemical activity but
without malignant disease (Fig 11).
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For patients with lesions identified at previous
imaging with other modalities, once the quality
criteria described above are implemented, spectra
can be collected with sufficient SNR to enable
distinction of a malignancy, a benign lesion, and
normal breast tissue on the basis of resonances at
discrete frequencies. The difference between the
spectral resonances indicative of a malignancy
and those indicative of a benign lesion is clearly
visible in Figure 12. The spectrum obtained in a
breast carcinoma has a resonance at 3.23 ppm,
which is representative of phosphocholine,
whereas the spectrum obtained in a fibroadenoma
has a resonance at the frequency of 3.28 ppm due
to differences in the biochemical contents of the
nonmalignant tissue (eg, in the individual or com-
bined levels of glycerophosphocholine, taurine, or
myoinositol).

Data acquisition and spectral interpretation
based on this frequency difference have been suc-
cessfully performed in many patients at 3.0 T by
using a commercially available MR imaging sys-
tem (Trio; Siemens) and a four-channel breast
coil (InVivo, Orlando, Fla). This MR imaging
system has capabilities for interactive manual ad-
justment of the pre-acquisition parameters (shim-
ming and water suppression) and is equipped
with the software required for the adding of data
from individual coil elements and for postprocess-
ing and display of the final spectra. For other
manufacturers, the capabilities are dependent on
the model.

Just how small a lesion can be measured by this
method has yet to be tested; at present, lesions of
1 cm?3 are routinely examined. The very basis of
the spectroscopy method relies on the use of mag-
nets with higher field strength to separate the di-
agnostic resonances. In addition, the higher the
field strength, the smaller the voxel size achiev-
able. A 3.0-T system with the hardware and soft-
ware described should be capable of producing
spectra of the quality shown in this article within
6 minutes. However, at present, in vivo spectros-
copy of the breast is operator dependent and
manufacturer dependent. The examples of spec-
tra included in this article were obtained by a
spectroscopist who also recorded the shim value
and SNR with each data acquisition, to facilitate
subsequent comparisons of spectral quality.
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Figure 12. In vivo breast single-voxel spectra ob-
tained at 3.0 T by using the PRESS sequence (TR =
2000 msec, TE = 135 msec; 192 signals acquired).
The spectra were processed as described in Figure 2
and were referenced to the methylene resonance of
lipid at 1.33 ppm and water at 4.74 ppm. The top spec-
trum is from an infiltrating ductal carcinoma. The bot-
tom spectrum is from a fibroadenoma. In the spectrum
from the cancer, the resonance is at 3.23 ppm and is
consistent with phosphocholine. In the spectrum from
the fibroadenoma, the resonance is centered at 3.28
ppm. These differences allow a distinction between the
disease states.

Conclusions

In vivo proton MR spectroscopy can be applied
successfully in the breast, preoperatively and non-
invasively, to distinguish malignancies from be-
nign lesions and healthy tissue with a high level of
accuracy. For successful application, the method
relies on access to the following tools:

1. Coils that generate adequate SNR and
cover the breast adequately.

2. An MR imaging system that facilitates the
pre-acquisition setup (interactive shimming and
interactive adjustment of water suppression) to
ensure adequate SNR and spectral resolution.

3. Higher-order shim coils to achieve accept-
able localized shim results at higher magnetic
field strengths.


Teaching Point
The spectrum obtained in a breast carcinoma has a resonance at 3.23 ppm, which is representative of phosphocholine, whereas the spectrum obtained in a fibroadenoma has a resonance at the frequency of 3.28 ppm due to differences in the biochemical contents of the nonmalignant tissue (eg, in the individual or combined levels of glycerophosphocholine, taurine, or myoinositol).
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4. The capacity to add data from separate
channels of a multichannel array coil.

5. Flexibility in postprocessing software, or the
ability to transfer data to a stand-alone postpro-
cessing system.

The Future

The future will see improved sensitivity with in-
creased SNR through the further development of
specialized coils. There will be an increase in the
use of magnets with higher field strength, which is
important for high-quality spectroscopy because
increased field strength yields increased spectral
resolution. New and improved pulse sequences
for in vivo spectroscopy will allow faster data ac-
quisition, and two-dimensional spectroscopic im-
aging will allow mapping of the spatial distribu-
tion of disease.

In the meantime, the use of MR-guided biopsy
devices will facilitate the correlation of MR spec-
troscopy results with histopathologic findings by
allowing the collection of biopsy material from
the exact location interrogated during spectros-
copy. This will allow the in vivo spectroscopic
diagnosis to be confirmed unambiguously by ex-
amining the precise piece of tissue with correla-
tive histopathology.
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Page S255

This article describes a method for obtaining in vivo MR spectra from the breast, in as short a time as
possible, with a signal-to-noise ratio (SNR) sufficient to allow the diagnostic resonances to be
recorded, while maintaining the highest possible spectral resolution. Success depends greatly on the
capability of the MR imaging system to operate as a spectrometer.

Page S256

While all the pre-acquisition adjustments are important for obtaining high-quality in vivo MR spectra,
shimming and water suppression are particularly important. It is crucial to spend the necessary time
on these procedures.

Page S259

Two commonly used techniques for localization and interrogation of a voxel or voxels are stimulated
echo acquisition mode (STEAM) and point-resolved spatially localized spectroscopy (PRESS). The
sensitive volume in STEAM localization is selected by applying three consecutive frequency-selective
90° pulses to generate a stimulated echo from the ROI; full localization is achieved in a single
acquisition, and there is no need for phase cycling. Advantages of the STEAM technique include a
well-delineated ROI, because the frequency-selective 90° pulses generate a good section profile. In
addition, signal losses due to T2 relaxation remain minor.
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The sensitive volume in PRESS localization is selected by applying a frequency-selective 90° pulse
followed by two frequency-selective 180° pulses to generate a spin echo from the ROI. The principal
advantage of PRESS over STEAM is the additional gain in SNR with the collection of a spin echo as
opposed to a stimulated echo. However, T2 losses are more pronounced with PRESS than with
STEAM, and the SNR advantage gained with PRESS may be partially reduced if the T2 losses are
significant.
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The spectrum obtained in a breast carcinoma has a resonance at 3.23 ppm, which is representative of
phosphocholine, whereas the spectrum obtained in a fibroadenoma has a resonance at the frequency
of 3.28 ppm due to differences in the biochemical contents of the nonmalignant tissue (eg, in the
individual or combined levels of glycerophosphocholine, taurine, or myoinositol).





