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Abstract

In vivo IH MRS s rapidly developing as a clinical tool for diagnosing and characterizing breast
cancers. Many in vivo and in vitro experiments have demonstrated that alterations in concentrations
of choline-containing metabolites are associated with malignant transformation. In recent years,
considerable efforts have been made to evaluate the role of 1H MRS measurements of total choline-
containing compounds in the management of patients with breast cancer. Current technological
developments, including the use of high-field MR scanners and quantitative spectroscopic analysis
methods, promise to increase the sensitivity and accuracy of breast MRS. This article reviews the
literature describing in vivo MRS in breast cancer, with an emphasis on the development of high-
field MR scanning and quantitative methods. Potential applications of these technologies for
diagnosing suspicious lesions and monitoring response to chemotherapy are discussed.
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INTRODUCTION

Breast cancer is a very common disease, affecting one in eight American women in their
lifetimes and causing more than 40 000 deaths each year (1). MRI is increasingly being used
for various imaging needs in managing breast cancer, such as local staging and screening high-
risk patients. Over the past 10 years, researchers have explored the use of 1H MRS for
characterizing breast cancers, and have shown that it can be used to improve diagnostic
accuracy and monitor response to therapy. It appears that MRS may have a clinical role as a
complementary measurement to augment a breast MRI examination, providing improved
accuracy to the overall MR examination.

In vivo breast MR spectra may exhibit a resonance at ~3.2 ppm that is known to be associated
with malignancy. Several chemical resonances contribute to this observed peak, including
phosphocholine (3.21 ppm), glycerophosphocholine (3.22 ppm), and free choline (3.19 ppm),
as well as contributions from taurine (3.25 ppm), myo-inositol (3.27 ppm),
phosphoethanolamine (3.23 ppm), and glucose (3.24 ppm) (2) [with shift assignments from
ref. (3)]. These contributions can be separated in ex vivo MR studies, but in vivo, the resonances
are broader and appear as a single peak, referred to as total choline-containing compounds
(tCho).
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Ex vivo and in vitro studies have shown that it is primarily intracellular phosphocholine that is
increased in malignancies and that this aberrant increase in concentration parallels various
stages of tumorigenesis, with higher-grade breast lesions associated with higher
phosphocholine concentrations (4,5). The cause of this aberrant increase is still being
investigated. Mechanisms postulated thus far include increased activity of choline kinase (6,
7), increased phospholipase C expression (7), upregulated choline transporter concentrations
(8), and increased activation of phospholipase A, (9) and phospholipase D (10). The elevated
tCho signal that can be observed in many in vivo cancers can be attributed to both the increase
in intracellular phosphocholine concentration and the increased density of cancer cells in the
lesion.

The aim of most breast 1H MRS studies reported to date has been to determine if the
detectability of a tCho resonance in a breast lesion is indicative of malignancy. This use of
tCho as a cancer biomarker has been successfully demonstrated at many sites using 1.5 T MR
scanners and a variety of acquisition and analytical techniques. The working assumption for
these studies is that higher tCho concentrations in malignancies make it easier to detect a tCho
resonance. Quantitative breast MRS methods aim to measure the actual concentration of tCho
([tCho)), thus measuring the biological condition more directly without confounding
experimental conditions — such as variable measurement sensitivity — that affect signal
detectability. A quantitative estimate of [tCho] is also necessary to compare measurements
from experiments with potentially different sensitivities, as in performing longitudinal studies
with shrinking lesions or when comparing results across different sites or MR scanners.
Furthermore, quantitative methods extract more information from a given study and enable
more sophisticated statistical analyses.

Although MRS quantification is feasible and valuable on 1.5 T scanners, the accuracy and
precision of quantitative MRS can greatly increase with higher field strengths. The
approximately linear increase in sensitivity (11,12), along with greater spectral resolution
(13), can improve detectability of tCho and other metabolites, decrease measurement errors,
and enable the study of smaller lesions. The synergistic combination of high-field MR and
quantitative methods has potential for greatly improving the clinical utility and availability of
breast MRS. Nevertheless, whereas there have been several publications describing breast
MRS at 4 T (14-18), there have only been a few reports describing initial experiencesat3 T
(19,20) and 7 T (21).

The aim of this article is to review and discuss the techniques and applications of quantitative
and high-field breast MRS. We hope that this work will improve understanding of quantitative
MRS methods and encourage greater implementation of breast MRS studies. We also intend
to describe the benefits and limitations of high-field breast MRS, to guide interpretation of
future developments at 3 T and higher field strengths.

ACQUISITION TECHNIQUES

The quality of MRS measurements depends primarily on MR sensitivity, spectral resolution,
localization performance, and the presence of experimental artifacts. The sensitivity of the
measurement, often described as the signal-to-noise ratio (SNR), determines what signals can
be detected and how precisely they can be quantified. Sensitivity increases linearly with voxel
volume, approximately linearly with increasing By field strength, and with the square root of
the number of averages acquired. The signal reception performance of various breast coil
designs is also highly variable, as coil comparisons have shown large variations in sensitivity
with both custom-made and commercial breast coil designs (22-24). Increased spectral
resolution also improves the ability to detect, quantify, and distinguish different resonances
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(13). Spectral resolution can be increased by using higher B field strengths and by optimizing
Bo shimming methods to improve field homogeneity over a given region of interest (ROI).

Localization quality is critical to ensure that the MRS signal comes from the correct ROI. The
vast majority of breast MRS studies have been performed using single-voxel spectroscopy
(SVS), with localization techniques such as PRESS (25,26), STEAM (27), and LASER (28).
This approach is generally well suited to studying a single breast lesion. These techniques
provide good localization and enable the operator to adjust the acquisition parameters (such as
power, Bg shim, water suppression, etc.) for a focused ROI. However, SVS techniques do not
give any information regarding the spatial variation of spectroscopic signals. This information
can be obtained by using spectroscopic imaging (SI). Several papers and numerous recent
abstracts have shown that it is feasible to perform Sl in breast on clinical MR systems (29—
32). Sl can be beneficial for breast cancers because tumors are often inhomogeneous, and also
because properly selecting a single-voxel ROI within a tumor requires experience and skill.
For these reasons, Sl can simplify acquisition planning and provide more information about
tumor structure. Unfortunately, Sl is more technically challenging than SVS, because By
shimming, fat suppression, precise localization, and quantification are all substantially more
difficult. The majority of the work described in this review used SVS.

High-quality 3D imaging is necessary to accurately identify the target lesion and plan the ROI
for MRS acquisition. Typical SVS protocols use a dynamic contrast-enhanced (DCE) MRI
series before MRS planning. The images are then processed and analyzed, and a voxel is
positioned and sized on the lesion of interest in all three dimensions. This planning stage must
be short to minimize delays and potential subject motion, and thus requires some expertise in
breast MR image analysis. The size and position of the voxel is planned to maximize coverage
of the lesion, while minimizing inclusion of adjacent fibroglandular or adipose tissues. This
can be a difficult compromise; increasing the voxel size improves SNR but can make the
measurement less specific and can potentially introduce artifacts from adipose tissues. Voxel
planning in longitudinal studies such as monitoring treatment response is further complicated
by variable positioning of the breast in the coil as well as changes in tumor size and
conformation. In addition, the voxel placement should avoid obvious cysts (as these have
highly variable metabolite concentrations) and signal voids from necrotic regions or
radiographic markers, as these can degrade the quality of By shimming (Fig. 1).

Water and lipid suppression

Breast spectra can exhibit both large water (4.7 ppm) and lipid (1.3 ppm) resonances depending
on the composition of tissue within the voxel. Spectra from adipose tissue primarily show lipid
resonances and a small water resonance (Fig. 2b), whereas spectra from normal fibroglandular
tissues generally show a large water resonance and lipid resonances of varying amplitude. An
MRS voxel placed entirely within a non-necrotic tumor will show mostly water along with
some substantially smaller lipid resonances. Most voxels placed in breast cancers include some
fibroglandular and adipose tissues, and also potentially lipid-rich necrotic regions. This leads
to wide variations in the relative amounts of water and lipid in breast cancer spectra.

Several strategies have been used to deal with the potentially large 1.3 ppm lipid resonance in
breast spectra. One approach is to perform water suppression and no lipid suppression. The
large lipid resonance often observed can distort the baseline and lead to sideband artifacts, as
shown in Fig. 2a. These sideband artifacts are due to oscillations of the By field during the
beginning of the acquisition, and have been attributed to mechanical oscillations of the gradient
coils (33). These artifacts can be removed by using only the modulus of the complex spectra
(34), or by experimentally resolving the sidebands using a two-dimensional J-resolved
technique (35). A practical implementation of the two-dimensional J-resolved approach is to
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average spectra acquired at different TEs, thus using destructive interference to cancel out the
phase-sensitive sidebands while preserving non-coupled resonances. This technique, called
TE averaging, has been shown to reduce artifacts in breast spectra (14). A variation on this
approach is to acquire breast spectra at several distinct TEs to verify that the metabolite is
observed consistently at each TE (36-38).

A final alternative is to use lipid suppression to reduce or eliminate the large 1.3 ppm lipid
resonance (29,39,40). This approach does eliminate the sideband artifact problem, but intra-
voxel lipids can still affect a tCho measurement. There is a 3.2 ppm lipid resonance detectable
in pure adipose tissue, as shown in Fig. 2b. This leads to a partial volume problem which can
artificially increase the estimate of tCho from a breast lesion when the water/fat ratio is less
than 2 (15). None of the above methods can address this problem; the only available solution
is to adjust the voxel placement to reduce adipose tissues, which may not be feasible in certain
heterogeneous or irregularly shaped lesions.

ANALYSIS TECHNIQUES

Frequency and phase post-processing

Breast spectral quality can be improved by post-processing techniques to correct frequency
and phase variations before spectral analysis. In some studies, there may be some motion of
the breast tissue due to respiration or subject motion, which can lead to phase variations
between spectral averages (41). It is also now well known that even when motion of the breast
tissue itself is negligible, respiratory-induced frequency variations that extend far from the
moving thoracic organs can cause frequency shifts between consecutive spectra (16,42). The
magnitude of these frequency variations scales linearly with the magnetic field and so is
constant on a ppm scale. The average peak-to-peak frequency variation in breast spectra has
been reported to be ~0.14 ppm at both 4 T and 7 T (16,21). Without correction, these effects
can broaden spectral linewidths and reduce quantification accuracy. They are, however, easily
corrected retrospectively using frequency and phase corrections before averaging (39,41-44),
although this technique is not yet commonly implemented on commercial MR systems.

Detecting tCho

A variety of methods have been used for analyzing the tCho resonance in breast spectra. The
most widely used approach is to have an experienced observer make a subjective determination
of whether or not a resonance is present at 3.2 ppm. An alternative and more objective method
is to measure the SNR of the region around the suspected tCho resonance, and if it is greater
than some pre-defined threshold (e.g. SNR >2), then the spectrum is considered to be positive
for tCho. Typically, SNR is measured using the peak intensity (height, not area) and measuring
the noise intensity in an off-resonance region in the spectrum. Both of those methods simply
determine if a resonance is detectable, which has been generally interpreted as an indicator of
malignancy. The underlying assumption of this interpretation is that, if there are high
concentrations of choline-containing compounds within the voxel, resulting from either high
intracellular phosphocholine concentrations and/or high cellular density, then it is more likely
that a tCho resonance will be detected.

The use of tCho detectability as a surrogate for increased phosphocholine is problematic
because it assumes that the sensitivity for detecting tCho does not change between comparable
measurements. However, numerous factors can substantially affect the detectability of tCho
independently of the underlying biology. The sensitivity of the measurement — and thus the
detectability of tCho — increases linearly with voxel size and approximately linearly with
increasing field strength (11,12). Sensitivity is also heavily dependent on the breast coil signal
reception performance, which varies between different coil designs, changes between subjects
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due to different coil loading, and depends on the spatial position of the voxel relative to the
coil elements. The tCho signal intensity also varies with the number of signal averages, TE,
TR, Tq and T relaxation rates, and the quality of By shimming. Finally, the adipose tissue
partial volume also affects tCho sensitivity, as low water/fat ratios indicate that the aqueous
compartment (which contains the water-soluble choline metabolites of interest) is substantially
smaller than the voxel size. When detectability is used as a malignancy biomarker, it is
necessary to control all of these factors to compare data between different subjects.

Quantifying tCho

Rather than simply detecting a tCho resonance, quantitative methods aim to produce a
numerical metric that is, at minimum, proportional to the concentration of all choline-
containing compounds in a voxel. If all the factors discussed above that affect sensitivity are
controlled, then the tCho SNR may be a suitable quantitative metric. Methods that strive for
absolute quantification intend to produce a metric that estimates the actual concentration of all
the choline-containing compounds in a voxel. The term absolute should not be interpreted as
‘perfect’ or ‘correct’, as this would require external validation that is not feasible in human
subjects; rather it reflects that the metric is independent of the means of measurement and is
therefore reported in real-world units. This is done by correcting for all known and measurable
sources of scaling and bias in the experimental data. The area under the 3.2 ppm tCho resonance
in the frequency domain is proportional to the number of 1H atoms resonating at that frequency,
but it is also scaled by the MR scanner’s amplification and all the sensitivity-related factors
discussed in the previous section. Absolute quantification methods take all of these factors into
account and correct for them if necessary.

Quantitative spectral analysis consists of two steps: (1) estimating the signal amplitudes of the
various metabolites, and (2) converting the signal amplitude into a concentration using a
referencing strategy. The tCho signal amplitude is generally estimated by fitting the spectral
data to a model and evaluating the goodness of fit. A variety of fitting tools have been used for
in vivo breast MRS: Baik et al. (45) and Klomp et al. (46) used the jMRUI package (47); Tan
et al. (48) used the commercial LC Model (49); our group (15) used a home-built
implementation of TDFDFit (50); Bakken et al. (51) used the peak integration tools provided
by the MR scanner manufacturer. Most of these tools use Cramér—Rao bounds as a surrogate
of the parameter estimation error. This error estimation is critical, as it is used for setting
detection thresholds and evaluating the quality of the data. Cramér—Rao bounds are widely
used in MRS analysis, because they account for both SNR and the appropriateness of the model
(52). The Cramér—Rao theory, however, has a number of limitations and its performance
deteriorates at low SNR, which is common in breast MRS. Other methods of estimating error,
such as non-parametric methods (53,54) or confidence intervals (55), may be more suitable for
setting detection criteria and merit further investigation.

Two referencing strategies have been used for converting measured signal amplitudes into
concentrations. The first method is external referencing, in which the in vivo measurement is
compared with a measurement from an external phantom of known concentration. Roebuck
et al. (56) was the first to use this approach in breast MRS, by measuring in vivo tCho peak
SNR, comparing this value with a separate phantom measurement, and correcting for voxel
size and spectral linewidth. They did not correct for coil loading, coil spatial sensitivity, and
tCho Tq and T, relaxation, as they estimated that these effects would be negligible. They
reported a measurable tCho resonance in 7/10 cancers, with concentrations from 0.7 to 2.1 mM
in voxels ranging from 1.0 to 1.8 mL, and one benign tubular adenoma with a concentration
of 5.8 mM in a 9.8 mL voxel. Bakken et al. (51) also investigated the external referencing
method and evaluated it on a single patient. In their method, a calibration phantom was
positioned in the coil during the patient study. A spectrum was acquired from the patient, and
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then a reference measurement was made in the calibration phantom while the patient remained
in the same position. This eliminates variations in coil loading between the in vivo and reference
measurements. They also corrected for number of averages, T1 and T, relaxation, and, like
Roebuck et al., determined that the spatial variation of coil sensitivity was negligible. In the
one patient measured, they determined [tCho] = 2.0 mM in a 4 mL voxel.

The second referencing strategy proposed for breast MRS is to use the water peak from a non-
suppressed spectrum from the same voxel as an internal reference. This approach is commonly
used in brain MRS and was demonstrated in breast MRS by our group (15) on a 4 T research
scanner, and later used by several other groups on clinical 1.5 T machines (45,46,48). The tCho
concentration is calculated by comparing the tCho and water signal intensities and correcting
for the differences in relaxation, signal averaging, and system gain. This ratio can then be
converted into a molal unit (mmol tCho per kg water), or, by assuming a water density and
aqueous fraction, a molar unit (mmol per liter, mM). The units are comparable — assuming a
water density of 1 kg/L and 100% aqueous fraction, 1 mmol/kg is equivalent to 1 mM. An
advantage of the internal referencing method is that it is relatively insensitive to the inclusion
of adipose tissue in the voxel. The water and 3.2 ppm resonances from adipose tissue are small
compared with those from fibroglandular tissue and most lesions. Therefore, including a small
amount of adipose tissue within the SVS voxel will reduce both the water and tCho resonance
amplitudes equally and not substantially affect the tCho/water ratio, whereas an externally
referenced tCho measurement would be reduced. Our work at 4 T showed that adipose partial
volumes of less than ~33% did not bias the internally referenced tCho concentration (15). The
internal reference approach produces tCho concentration estimates that are similar to but
somewhat higher than the external approach. We originally reported concentrations of 0.5-8.6
mmol/kg (15); Klomp et al. (46) reported 0.5-10.0 mmol/kg; Tan et al. (48) reported 2.9-11.9
mM; Baik et al. (45) originally reported relatively high values of 0.8-21.2 mmol/kg, and in a
later abstract reported values more consistent with the other studies, 0.7-11.5 mmol/kg (57).

Compared with the external referencing strategy, the internal referencing technique is simpler
and automatically corrects for several important experimental factors, including coil transmit
efficiency, coil receive sensitivity, voxel size, and partial voluming with adipose tissue.
However, the internal approach is sensitive to changes in the T, and NMR visibility of water
that do not affect the externally referenced techniques. It is known that breast water content
and T, varies under normal physiological conditions (58) and during chemotherapy (59). The
possibility of confounding internally referenced tCho measurements with varying water
content can be minimized by using the shortest possible TE for the water reference, accounting
for water T, variations in the quantification method, and by performing externally referenced
quantification of the water content as a control.

These quantitative methods using sophisticated spectral fitting and referencing strategies are
designed to maximize the information available in a MRS measurement, but their complexity
has limited their widespread applicability. A simpler approach is to use peak ratios, as is
commonly done in brain and prostate MRS. Using a tCho/water ratio (i.e. normalizing the tCho
peak intensity by the intensity of the unsuppressed water peak) gives many of the advantages
of the internally referenced quantitative method with greatly reduced complexity. At higher
field strengths at which other metabolites may be routinely detectable, the tCho resonance
could be normalized by the creatine or taurine resonances that are present in healthy
fibroglandular tissues.

Some of the earliest breast MRS work proposed using the water/fat ratio as a marker of cancer,
with the observation that tumors have higher water/fat ratios than normal tissues and that this
information can be used to measure response to therapy (60-62). Subsequent studies have
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suggested that this ratio is not specific, as it can reflect adipose tissue partial volume
contamination and is sensitive to voxel placement (15,56,63). Recent work showing that the
water/fat changes during therapy could predict anatomical response attributed the majority of
the water/fat changes to changes in water T, rather than changes in the tumor lipid content
(59).

Confounding effects: relaxation and contrast agents

Both internal and external referencing strategies require some correction or at least
consideration of the T; and T, relaxation rates of the tCho, and potentially water and lipid as
well. Table 1 summarizes the reported relaxation rate constants for water, 1.3 ppm lipid, and
tCho at various field strengths. The values for water are most consistent, showing decreasing
T, and increasing T1 with higher field strengths (note that the post-Gd water T; measurements
depend on lesion vascularity and contrast dynamics and should not be used). Measurements
of the tCho relaxation times are difficult because of the low SNR, and are therefore quite
variable. For most studies, an average tCho Tq and T, must be assumed. It is feasible, however,
to measure water T, and T, for each voxel studied, and remove a potential source of
physiological variation. Manton et al. (59) recently showed that spectroscopically measured
water T, could be used as both a predictive and monitoring biomarker in breast cancer
chemotherapy. They reported that tumors that eventually responded had a longer T, before
therapy than those that would not respond to therapy (p = 0.03). In addition, the decrease in
T, during therapy predicted response with 69% accuracy and 100% specificity.

T, measurements can also be important in the diagnostic setting. Our group reported a
diagnostic study in 81 patients using quantitative breast MRS along with spectroscopic T,
measurements in each voxel (64). The water T, of benign lesions (n = 37, mean 65.4 ms) was
longer (p = 0.001) than the T, in malignant lesions (n = 44, mean 55.4 ms). A tCho resonance
could be quantified in 44 of these patients. Figure 3 shows the calculated [tCho] using a fixed
T, value (60 ms) for the entire dataset (fixed T,), compared with the [tCho] calculated using
the T, value measured in each voxel (T, corrected). The unexpected finding was that the T,
corrected data were less accurate in separating benign from malignant lesions than those using
a fixed To. This indicates that the fixed T, [tCho] measurement is confounded by a water T,
effect, albeit in this case the effect was beneficial. It is clear from both this study and that by
Manton et al. (59) that the water T, should be measured in each voxel. The optimal way to
combine the [tCho] and water T, data, however, is not yet known. It may be feasible to use
multi-parametric analysis techniques, such as ISODATA (65), logistic regression analysis
(59), or statistical classification strategies (66), to extract the maximum information from these
single-voxel measurements.

Gd-based contrast agents can also affect relaxation rates, as well as increase spectral linewidths
due to magnetic susceptibility changes. Studies of Gd and brain MRS have variously reported
decreases in tCho area (67), peak broadening only with no loss of area (68), and no detectable
effects (69,70). These studies were all performed on brain tumors. Although many breast MRS
papers have expressed concern about the effects of Gd, there have only been two reports
describing the effect of Gd on breast MRS. The first was a small study from our group, in
which six breast tumors were measured with MRS before and ~10 min after a 1 mmol/kg bolus
of gadopentetate dimeglumine (71). We found that the post-contrast spectra had water peaks
that were 20% broader and tCho resonances that had 10% less area compared with pre-contrast
spectra. A more recent and extensive report described MRS measurements at 1.5 T both before
and after contrast (a fixed 20 mL bolus of gadodiamide) in 22 examinations of 15 subjects
(72). This study found that Gd produced an increase in linewidth (~17%) and a decrease in
peak area (~15%) of the tCho resonance. In all but two of the 22 examinations, however, the
shim currents were not adjusted for the post-contrast measurements, as would be typically done
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inanormal MRS examination. Both of these studies demonstrate that contrast agents can affect
MRS measurements; however, it is not yet clear if the effects of contrast agents would
significantly bias MRS measurements performed in a typical MRS scan.

APPLICATION: DIAGNOSING SUSPECT LESIONS

The most widely investigated application of breast MRS is for diagnosing suspicious lesions.
There have been a large number of studies performed at 1.5 T showing that MRS can be
clinically useful in this context. The general observation is that, when SVS is used with standard
pulse sequences and commercially available breast coils, a tCho resonance can be detected in
malignant lesions and not in benign lesions. There have been nine publications that support
this finding, with sensitivities of 70-100% and specificities of 67-100% (36-38,56,73-76,
85). A retrospective study combining the results from five of these studies showed a net
sensitivity and specificity of 83% and 85%, respectively (78). The consistency of these findings
across numerous institutions with different MR systems and measurement techniques
demonstrates that breast MRS is clinically practical and useful in this diagnostic context.

These studies have all used the detection of tCho, determined by either visual inspection or a
threshold SNR level, to determine if a lesion is cancerous. Because of the success of this
relatively simple procedure, there has been no widespread effort to move to more complicated
quantitative methods. However, as discussed in the previous section, the use of detectability
of tCho as a cancer biomarker assumes a constant sensitivity across all measurements.
Variations in pulse sequences, MR systems, breast coils, and voxel sizes could all potentially
affect these findings. The use of variable voxel sizes, for example, is a potentially important
confounding factor. The voxel volumes across these studies varied greatly, ranging from 0.7
to 27 mL, with a typical volume of ~2 mL. SNR (and therefore tCho detectability) varies
linearly with the volume of the voxel, so it is easier to detect tCho in larger voxels. Indeed, the
review by Katz-Brull et al. (78) pointed out that malignant lesions were generally larger than
benign lesions, and the sensitivity of detecting tCho increased uniformly with increasing tumor
size. In addition, a recent abstract comparing breast MRS at 1.5 T and 3 T reported that tCho
could more consistently be detected in smaller cancers at 3 T than at 1.5 T (19). Therefore,
both voxel size and the underlying tCho concentration contribute to the specificity of using
tCho detectability as a marker of malignancy.

Quantitative methods could standardize diagnosis across multiple sites and take account of
variable voxel sizes, coil sensitivity, and field strength. Figure 4 shows a summary of all the
quantitative MRS measurements performed by our group in biopsy-confirmed breast lesions
at 4 T, an update of the data presented in ref. (15). Clearly, tCho concentration is higher in
cancers than in benign lesions or normal tissues, as expected. By performing a receiver
operating curve (ROC) analysis, an optimal cutoff can be selected for separating benign from
malignant lesions. A cutoff of 1.45 mmol/kg gives a sensitivity of 73.2% and a specificity of
76.7% for distinguishing benign from malignant lesions. Note that the optimal cutoff value
depends on the incidence of disease in the study population; the data in Fig. 4 are combined
from several studies and do not represent a typical high-risk screening population.

The data in Fig. 4 show that there are many cancers with low [tCho], and a few benign lesions
with raised [tCho]. Thus, quantitative MRS alone is not generally suitable for diagnosis and
therefore should always be interpreted in a clinical context by incorporating information
obtained from other imaging modalities and clinical data. For example, Jacobs et al. (79)
described several subjects with negative or ambiguous findings on DCE MRI, who were found
to have raised concentrations of tCho on the basis of MRS imaging. This suggested that
combining MRI with MRS imaging may improve specificity over the use of either modality
alone. A more quantitative example was presented by Huang et al. (76), who performed a
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diagnostic study at 1.5 T that combined DCE MRI with SVS, by using a fixed SNR threshold
to determine tCho detection. They found that DCE alone had 100% sensitivity and 62.5%
specificity, but the addition of MRS improved the specificity to 87.5%. Our group performed
a comparable study combining MRI with quantitative MRS measurements using blinded
readers in an observer-performance study (18). With the use of an ROC analysis of the
quantified tCho measurements, an optimal cutoff (1.03 mmol/kg) for distinguishing benign
from malignant lesions was established. On the basis of that threshold, quantitative MRS alone
gave 61% sensitivity and 83% specificity for diagnosis. Four radiologists, blinded to biopsy
results and all clinical data, were then asked to evaluate MRI and MRS from all 55 subjects.
We found that adding quantitative MRS to the MRI interpretation improved the sensitivity,
specificity, accuracy, and interobserver agreement for all four radiologists. Overall it appears
that there is some interdependence between the information provided by MRI and MRS. There
is evidence that cancers with an aggressive phenotype, as determined by DCE MRI, also have
greater amounts of tCho. Recent work has shown this relationship between MRS and qualitative
DCE evaluation (80) and quantitative DCE parameters (30,81).

Choline in normal breast tissues

The observation that tCho detectability is associated with malignancy would suggest that tCho
is not detectable in normal fibroglandular breast tissues at 1.5 T. Although several studies
support this (36,63,77), Stanwell et al. (38) reported detecting a tCho resonance in 3/40 healthy,
non-lactating volunteers at 1.5 T, with reasonable voxel volumes (3.1-6.1 mL). They further
observed that the tCho peak in these cases was located at 3.28 ppm, rather than the 3.22 ppm
position observed in cancers. They postulated that, in normal subjects, the tCho resonance may
be attributable to taurine, myo-inositol, or possibly glycerophosphocholine, whereas in cancers
it is primarily attributable to phosphocholine. Further studies are needed to confirm these
findings. The lactating breast should be considered a special case, as several groups have
reported both lactose and tCho resonance detectable in healthy lactating subjects at 1.5 T
(36,38,73). Note also that tCho is commonly detectable in normal breast tissues at higher field
strengths (Fig. 5).

APPLICATION: MONITORING TREATMENT RESPONSE

Breast MRS can also be used to evaluate response to therapy. The underlying principle is that
increased tCho reflects the aberrant metabolism of the tumor cells, and any change in the
cellular metabolism or viability will be reflected in the tCho concentrations before there is a
detectable change in the tumor’s vascular or morphological features. The first report of tCho
changes in response to therapy in breast tumors was by Kvistad et al. (36), who observed that
a subject undergoing neoadjuvant chemotherapy had a detectable Cho peak before treatment,
but after treatment, the tCho resonance was no longer detectable. Jagannathan et al. (73) then
performed a focused study and found that 10 patients who had a detectable tCho resonance
before treatment all had either decreased or undetectable tCho resonance after three or six
cycles of chemotherapy. These studies suggest that tCho could be used as a biomarker for
monitoring therapy.

Our group then performed a pilot study using quantitative MRS in 13 patients undergoing
doxorubicin-based neoadjuvant chemotherapy for locally advanced breast cancer (17). This
study was performed on a research 4 T MR scanner, using custom-built single-breast coils
(82). Patients were scanned once hefore treatment, 1 day after the first treatment, and again at
the end of the chemotherapy regimen. Of the 13 patients who completed the protocol, the
change in [tCho] between baseline and 1 day after the first dose of chemotherapy showed a
significant positive correlation (R = 0.79, p = 0.001) with the change in lesion size measured
at the end of four cycles of chemotherapy. The change in [tCho] at day 1 was significantly
different between objective responders and non-responders (p = 0.007). These results suggest
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that the decrease in [tCho] measured 1 day after the first dose of the drug could serve as an
early indicator of clinical response to treatment for locally advanced breast cancer. These
studies are ongoing. To date, we have complete data from 28 patients; 75% of objective
responders showed a decrease in tCho 1 day after treatment, whereas 92% of non-responders
showed no change or an increase in [tCho] 1 day after treatment (Fig. 6). Note also that the
objective responders exhibited a higher pretreatment [tCho] (p = 0.03), suggesting that high
concentrations of tCho at baseline might be a useful predictive biomarker for neoadjuvant
chemotherapy.

More recently, several conference abstracts have described similar studies using clinical 1.5 T
MR scanners, but with variable results. Tan etal. (48) performed a study of 18 patients receiving
neoadjuvant chemotherapy using a 1.5 T scanner with a commercial breast coil, TE-averaged
single-voxel MRS acquisition, and quantification with water as an internal reference. They
observed no statistically significant difference between objective responders and non-
responders in either baseline tCho concentrations or changes in tCho 1-8 days after the first
cycle of therapy. Baik et al. (57) performed a similar study also at 1.5 T, performing single-
voxel PRESS MRS and quantifying tCho using water as an internal reference. Seventeen
patients with a measurable baseline tCho concentration were scanned after one or two cycles
of therapy (follow-up 1) and again after completing the full course of treatment (follow-up 2).
Six of the seven objective responders had decreased tCho at follow-up 1, and all seven had no
detectable tCho at follow-up 2. The findings in the 10 non-responders were less specific, with
approximately equal occurrences of increased and decreased tCho at both follow-ups. Overall,
the responders showed a greater decrease in tCho at follow-up 1 than non-responders, but the
difference between the groups was not significant. Both Tan et al. and Baik et al. reported no
significant difference in pretreatment tCho concentrations between the objective responders
and non-responders. In another recent study, Danishad et al. (83) used MRSl at 1.5 T and used
the SNR of tCho as a metric of response. Note that, although this study did not use absolute
quantification, the voxel size was kept constant during the study, which eliminates a major
source of variation and allows comparison with the quantitative studies above. This study
followed 11 patients at two post-therapy time points: after two and three cycles of therapy. The
objective responders showed a greater decrease in tCho SNR (48%) than the non-responders
(6%) after two cycles of therapy; after three cycles, the difference between the groups was
greater (60% vs 17%, respectively).

Overall these findings are inconsistent with regard to the efficacy of MRS for monitoring
response to therapy. There are methodological differences between the studies, most notably
field strength, but also MR system manufacturers, coils, and sequences used. More importantly,
perhaps, is the variation in protocol and timing of MR examinations. Whereas Meisamy et
al. (17,18) confined post-treatment measurements to 1 day after the first treatment, Tan et al.
reported measurements 1-8 days after the first treatment, Baik et al. after one to two cycles of
therapy, and Danishad et al. after two cycles. This may partially explain the disparity between
the findings. It may be that the utility of MRS is limited to the acute period of response (hours
to a few days after therapy administration), during which anatomical changes are small and do
not affect the sensitivity of the MRS measurement. Further work is required to determine the
most effective post-therapy window.

All of these studies report that the ability to measure tCho decreases during the course of
therapy, often resulting in no measurable tCho at the end of treatment. This is a major limitation
of MRS measurements in responding tumors; as the lesion shrinks, it is more difficult to
quantify tCho because there is less tumor in which to make measurements. This is an inherent
problem with the relatively low sensitivity of MRS compared with MRI, which does limit the
utility of MRS. Higher fields and more sensitive coils that enable tCho measurements in smaller
voxels will reduce this problem but will not solve it.

NMR Biomed. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Haddadin et al.

Page 11

Note also that performing MRS quantification over a course of treatment is particularly
challenging because there are other physiological changes that can confound the tCho
measurement. As lesion sizes change, variations in voxel placement and partial adipose volume
are inevitable and must be accounted for. Successful therapy can also induce necrosis and
increase intra-tumoral lipids. Several studies showing decreases in the water/fat ratio during
successful therapy may be sensitive to both of these effects (59,61). For methods using water
as an internal reference, it is necessary to account for the changing water T, relaxation rate
constant, which also decreases in successful therapy (59).

HIGH-FIELD BREAST MRS

High fields can potentially improve the quality and utility of breast MRS because of increased
sensitivity and spectral resolution. Itis well established that the sensitivity of 1H MRS increases
approximately linearly with increasing field strength (11,12). This allows the practical voxel
size to decrease proportionally when higher By fields are used. The linear increase in spectral
dispersion from higher fields is offset by an increase in magnetic susceptibility effects. The
macroscopic susceptibility, however, can be minimized by By shimming, leading to an overall
increase in spectral resolution which allows different chemical resonances to be more easily
resolved at higher fields (13). These improvements in both sensitivity and specificity contribute
to the improved performance in quantitative MRS in the brain, where error estimates based on
Cramér—Rao bounds have been shown to decrease more than linearly with increasing field
strength (84).

One practical use of high field is to use the increased sensitivity to reduce the voxel size,
enabling the study of smaller lesions. The feasibility of studying small voxels can be evaluated
using a large set of quantified in vivo breast spectra acquired at 4 T, shown in Fig. 7. The data
in this figure include 1359 spectra acquired from malignant, benign, and healthy breast tissue.
Each data point indicates a spectroscopic measurement; blue dots indicate spectra with a
detectable tCho resonance, and the red ‘X’ indicate spectra where no tCho resonance was
detectable. The detectability of tCho is a function of voxel size, as seen in the lower plot. In
the largest voxels, tCho is detectable with high regularity regardless of the actual concentration.
In smaller voxels, only higher concentrations of tCho can be reliably quantified. For voxels 1-
2 mL in size, the estimated errors for individual spectra are <1 mmol/kg in 55% of the cases.
This represents a practical regime of operation. For voxels less than 1 mL in size, the errors
increase dramatically and the measurements are less likely to be useful. Scaling backto 1.5 T,
this would suggest that in voxels of 2.7-5.3 mL, a tCho of 1 mmol/kg or greater would be
detectable in ~50% of the cases. Although there is great variation in coil sensitivity, voxel size,
and tCho concentrations, these data are consistent with the literature describing breast MRS at
15T.

The additional sensitivity and spectral resolution of higher fields may also allow detection of
other metabolites in breast lesions. At 4 T, it is relatively common to detect distinct creatine
and taurine resonances, although their SNR is substantially lower than that of tCho. Other
metabolites in the 3.4-4 ppm region, including possibly alanine (3.78 ppm) and glycine (3.55
ppm), are also occasionally detectable, as shown in Fig. 8. At higher field strengths, it may be
possible to use these signals for additional metabolic information or as markers of healthy
tissue for normalization.

There are additional challenges associated with higher field strengths. Bg shimming increases
in difficulty, and B; inhomogeneities make coil designs more complicated (21). Relaxation
rate constants also change: longer T values may require longer TRs, shorter T, values will
reduce signal intensities for a given TE, and both changes will increase the magnitude of
relaxation corrections required for quantitative MRS. Experimental artifacts such as lipid
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sidebands and respiratory-induced frequency shifts also increase at higher fields. In addition,
at field strengths greater than 1.5 T, quantitative analyses will be required, as a tCho resonance
can be detected routinely in normal subjects (Fig. 5). There are, however, techniques available
for addressing all of these challenges, and the benefits of higher field strengths can be exploited
to improve the value of breast MRS.

CONCLUSION

Proton spectroscopy can provide information that is clinically valuable for the management of
patients with breast disease. Technological developments, such as quantitative MRS methods
and high-field MR systems, have the potential to improve the accuracy and precision of breast
MRS. Further advances are possible by increasing the sensitivity of breast coils and developing
better By shimming techniques. Future work on analytical methods will need to focus on
improving methods for estimating measurement error, performing comparisons of various
quantification strategies, and developing techniques for optimal combination of multi-
parametric MR data (DCE MRI, [tCho], T», etc.). With the growing availability of 3 T systems
and the increasing efforts by manufacturers to integrate and support body MRS techniques, it
is feasible that the use of breast 1H MRS for diagnosing lesions and monitoring response to
therapy will become routine clinical practice. This will require a thorough knowledge of the
capabilities and limitations of breast spectroscopy, established by reproducibility studies and
multi-site validations.
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Figure 1.

Effect of radiographic markers on shim quality. Both (a) and (b) show a three-view multi-
planar reconstruction of a 3D, fat-suppressed, post-contrast image acquired at 4 T in a patient
with an invasive ductal carcinoma. The voxel ROI (red box) in (a) is placed directly over a
metallic radiographic marker. Even after manual adjustment of the linear By shims, the spectral
quality is very poor. In (b) the voxel ROI was repositioned in the center of the lesion away
from the marker, and a high-quality spectrum showing tCho and other metabolites could be
obtained.
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Figure 2.

Demonstration of two problems associated with lipid resonances. The spectrum in (a) is a
water-suppressed, single-TE acquisition from a single voxel placed in a suspicious lesion. The
large lipid resonance produces sideband artifacts on either side of the large lipid resonance, in-
phase with the spectrum at ~—0.9 ppm and out-of-phase at 3.2 ppm. Depending on their phase,
such sidebands can mimic or obscure a true tCho resonance. Lipid suppression or TE averaging
can suppress these artifacts (14). The spectrum in (b) is a TE-averaged spectrum acquired
without water or lipid suppression from a voxel placed intentionally in normal adipose tissue.
Sidebands here are mostly suppressed but there is still a coherent resonance at ~3.2 ppm. This
is not a sideband, as it does not have an anti-phase peak at — 1.9 ppm; rather it is probably a
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trimethylamine moiety from the adipose lipids. Fitting and quantifying this resonance using
water as an internal reference leads to [tCho] =52.3 £ 11 mmol/kg, which is not physiologically
reasonable and indicates that the 3.2 ppm signal does not originate from a water-soluble
molecule.
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Figure 3.

Effect of water T, on relaxation corrections for quantitative MRS. The malignant lesions have
a shorter water T, value (n =29, T, = 56.7 £ 8.9 ms) than the benign lesions (n = 15, T, = 75.6
+ 17.3 ms). The tCho concentrations calculated using a fixed water T, value (60 ms) and the
individually measured water T, values are compared for the two groups. On average, the use
of individual T, corrections decreased the [tCho] in malignant lesions (from 2.75 + 1.39 to
2.61 + 1.33 mmol/kg) and increased the [tCho] in benign lesions (from 1.16 + 0.67 t0 1.29 +
0.70 mmol/kg), thus reducing the difference between these groups. Without correction, the p-
value for a one-sided t-test for the difference between benign and malignant is 0.00007; after
correction the difference is smaller, with a p-value of 0.0004.
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Figure 4.

Update of all biopsy-confirmed quantitative [tCho] measurements made at 4 T with non-zero
values. Each measurement shows the calculated [tCho] value and Cramér—Rao error. This
compilation includes data from several study protocols, but including only those measurements
made before any radiation or chemotherapy treatments. This is an updated version of Fig. 6
from ref. (15). Comparing only the benign and malignant measurements, an ROC analysis
leads to a cutoff of 1.45 mmol/kg, giving 73.2% sensitivity and 76.7% specificity for
distinguishing benign from malignant lesions.
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Figure 5.

Examples of detectable tCho resonances in normal subjects at high Bg fields. Spectra were
acquired in fibroglandular tissue in healthy subjects with no history of breast disease at (a) 3
T,(b)4T,and (c) 7 T.
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Monitoring response to treatment with 4 T quantitative breast MRS. This is an update of

findings previously reported in Meisamy et al. (17). These data include 28 patients measured
with 4 T breast MRI/MRS before the start of chemotherapy, 1 day after the first dose of therapy,
and after the complete course of treatment. The [tCho] measurements are shown for the baseline
and day-1 measurements in (a): 75% of the objective responders showed a decrease in [tCho]
at day 1 after therapy, whereas 92% of non-responders showed no change or an increase at the
same time point. (b) An example of an objective responder, showing decreased [tCho] at day
1, and a clear anatomical response by the end of therapy (ACx4).
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Figure 7.

Limits of tCho detection at 4 T. The top chart shows the relationship between [tCho]
concentration and voxel size for a total of 1359 in vivo breast spectra acquired at 4 T including
benign, malignant, and healthy tissues, acquired with 64—256 averages. Blue circles (735
spectra) indicate spectra in which a tCho resonance met the detection criteria (Cramér—Rao
bound < 100%); the red *X’ (624 spectra) indicate estimated errors for spectra in which the
tCho resonance was not detectable. The range of detectable tCho resonances was 0.08-8.6
mmol/kg, with a median value of 1.4 mmol/kg. The lower plot shows the percentage of spectra
with detectable tCho as a function of voxel size; voxels larger than 2.5 mL had a detectable
tCho >75% of the time. These plots show that [tCho] is independent of voxel size, but the
detectability of tCho increases with larger voxels.
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Figure 8.

Examples of high-quality 4 T breast spectra showing additional metabolites. These spectra all
show a clear tCho resonance as well as several resonances previously reported only in ex
vivo studies. Considering chemical shift and relative signal amplitudes, and using the ex vivo
magic-angle spinning data from Sitter et al. (3) as a reference, resonances were identified as
tCr = total creatine CHgz (3.03 ppm) and CH> (3.92 ppm), tCho = total choline-containing
compounds (3.22 ppm), tau = taurine (3.42 ppm), gly = glycine (3.55 ppm), ala = alanine (3.78

ppm).
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