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Abstract

Purpose—To quantitatively measure tCho levels in healthy breasts using Proton-Echo-Planar-
Spectroscopic-lmaging (PEPSI).

Material and Methods—The 2-dimensional mapping of tCho at 3 Tesla across an entire breast
slice using PEPSI and a hybrid spectral quantification method based on LCModel fitting and
integration of tCho using the fitted spectrum were developed. This method was validated in 19
healthy females and compared with single voxel spectroscopy (SVS) and with PRESS
prelocalized conventional Magnetic Resonance Spectroscopic Imaging (MRSI) using identical
voxel size (8 cc) and similar scan times (~7 min).

Results—A tCho peak with a signal to noise ratio larger than 2 was detected in 10 subjects using
both PEPSI and SVS. The average tCho concentration in these subjects was 0.45 + 0.2 mmol/kg
using PEPSI and 0.48+0.3 mmol/kg using SVS. Comparable results were obtained in 2 subjects
using conventional MRSI. High lipid content in the spectra of 9 tCho negative subjects was
associated with spectral line broadening of more than 26 Hz, which made tCho detection
impossible. Conventional MRSI with PRESS prelocalization in glandular tissue in two of these
subjects yielded tCho concentrations comparable to PEPSI.
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of New Mexico, MSC 105620, Albuquerque, NM, 87131, USA. chenggang.zhao@gmail.com.
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Conclusion—The detection sensitivity of PEPSI is comparable to SVS and conventional
PRESS-MRSI. PEPSI can be potentially used in the evaluation of tCho in breast cancer. A tCho
threshold concentration value of ~0.7mmol/kg might be used to differentiate between cancerous
and healthy (or benign) breast tissues based on this work and previous studies.

Keywords

MR spectroscopic imaging; breast spectral quantification; spectral modeling; echo-planar
spectroscopic imaging; prelocalization

Introduction

The overall specificity of MRI in breast cancer diagnostics has been low, with the result that
a considerable number of biopsies have been performed on lesions subsequently determined
to be benign. It has recently been found (1-3) that adding the results from quantitative MR
spectroscopic (MRS) measurements of total choline-containing compounds (tCho) to
dynamic contrast enhanced (DCE) MRI exams improved the sensitivity, specificity,
accuracy, and inter-observer agreement of breast cancer diagnosis. Several studies have
observed an increased tCho concentration in breast cancer patients compared to healthy
control subjects (1,4,5). A second promising application of breast MRS involves predicting
the individual response to treatment (6-8). A decrease in the concentration of tCho within 24
hours after the first dose of chemotherapy may serve as an early indicator of the clinical
response for locally advanced breast cancer (9,10). A working hypothesis behind these
findings is that an elevated tCho concentration, which can be measured by MRS, is an
indicator of the increased cellular proliferation, membrane breakdown, and cell density that
characterizes the neoplasic state (11). In order for this change in Choline metabolism to be
used clinically, the normal concentration of tCho, and its range of variation, must be known
so that alterations in tCho can be accurately interpreted.

Conventional single-voxel spectroscopy (SVS) does not allow characterization of lesion
heterogeneity. MR spectroscopic imaging (MRSI) is a more desirable technique for clinical
applications, since it offers opportunities for whole breast examination, the demonstration of
lesion heterogeneity, and the efficient characterization of multi-focal lesions. Furthermore,
spectroscopic imaging allows for retrospective adjustment of the voxel position along the
imaging dimensions, reducing the need for accurate voxel placement during the data
acquisition.

The feasibility of mapping tCho, water and lipids in breast cancer patients using single slice
MRSI at 1.5 T was demonstrated by Jacobs et al. (12), who reported (13) that the tCho
signal to noise ratio (SNR) in malignant tissues was significantly higher than that found in
benign breast abnormalities. One marker for cancer diagnosis could therefore be the tCho
SNR. Baek et al. (14) showed that proper adjustment of the tCho SNR threshold based on
receiver operating characteristic (ROC) curves, resulted in a total accuracy of 81% in
differentiating malignant tissues from benign tissues in a group of 36 patients who
underwent an MRSI exam. However, the tCho SNR depends on measurement sensitivity
and therefore varies with field strength, coil design, voxel size, and signal averaging.

MRSI in the breast currently suffers from two important limitations. The first is that
conventional, phase-encoded MRSI methods perform spatial encoding over long time
durations, which increases their sensitivity to motion and frequency shifts due to respiration,
and prevents 3D mapping in the clinical setting. This also makes quantification using water
as an internal reference peak prohibitively time consuming. The slow encoding speed also
prevents implementation of TE averaging, which has been shown to reduce gradient
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sideband artifacts (15), and of 2D NMR spectroscopy, which has been shown to improve
identification of tCho in the presence of confounding lipid signals (16-18). The second
limitation is that PRESS prelocalization has been needed in all MRSI studies to prevent the
spatial leakage of overwhelming lipid signals from adipose tissue outside the region of
interest, but placement of the PRESS volume is time consuming and prone to operator
errors. Mapping the entire breast without prelocalization is desirable in order to study multi-
centric and multi-focal breast cancer and to avoid PRESS volume placement errors.

High-speed proton MRSI with interleaved spatial-spectral gradient encoding, which is based
on earlier work by Mansfield and others (19-31), is increasingly becoming a practical
alternative to conventional phase-encoded spectroscopic imaging techniques. It is possible to
integrate this MRSI with parallel imaging to further accelerate encoding speed. These high-
speed MRSI techniques offer more than an order-of-magnitude temporal acceleration while
also providing the high spectral resolution, adequate spectral widths, the feasibility of short
echo times and the excellent sensitivity per unit time and volume, of conventional
spectroscopic imaging techniques (30). In our former work, the proton-echo-planar-
spectroscopic-imaging (PEPSI) technique with high spatial resolution and in-line data
reconstruction has been developed(31) on clinical scanners. To allow for very short echo
time acquisition for water referencing, single spin echo with slice selection, instead of
double spin echo with PRESS box selection, was implemented. Adaptation of this
methodology for breast studies in which data are acquired under more challenging
conditions, such as off-center volume selection and considerable magnetic field
inhomogeneity across the volume of interest, is desirable.

MRSI across large parts of the breast without volume prelocalization is technically more
challenging than SVS. The definition of the baseline underlying the tCho peak suffers from
partial volume contamination from lipid signals, as well as from inhomogeneous line
broadening and from Gibbs ringing from lipid signals in adjacent voxels. The difficulty of
shimming in the presence of dominating lipid signals as well as inaccurate B1 calibration
over a larger imaging volume further impairs MRSI measurements of tCho in the breast.
Spectral fitting with linear interpolation of the baseline, which has been developed for single
voxel MRS(1), has not yet been adapted for MRSI. The LCModel software package, which
is widely used to quantify brain spectra (32), has recently been extended to quantify breast
spectra(33). However, in our experience with MRSI data, both /n vitroand in vivo,
LCModel fitting of breast spectra is very challenging, since the distorted lipid peaks in lipid-
suppressed breast MRSI spectra are insufficiently represented in the standard LCModel
basis set. The residual lipid peaks near 2.8, 2.3, 2.0, 1.3, and 0.9 ppm are broad and their line
shapes vary from pixel to pixel, which requires manual adaptation of the LCModel fitting
parameters on a voxel-by-voxel basis. In addition, the proximal 2.8 ppm lipid peak distorts
the baseline in the vicinity of the tCho signals at 3.22 ppm. In regions with a low tCho
concentration this can lead to overfitting of the baseline with a high order polynomial curve,
resulting in wrong estimation of the tCho peak area. It is desirable to automate the
quantification of MRSI data sets acquired without volume prelocalization in a manner that is
insensitive to considerable lipid contamination.

In this study we demonstrate the feasibility of tCho measurements using 2-dimensional
high-speed Proton-Echo-Planar-Spectroscopic-Imaging (PEPSI) without in-plane volume
prelocalization(31). We used whole-slice PEPSI, with weighted averaging, to quantitatively
map total Choline (tCho) with respect to tissue water in 19 healthy subjects. These results
were compared with tCho quantification by means of both PRESS-CSI and single voxel
spectroscopy. Automated spectral quantification of tCho with respect to tissue water was
performed using a combination of LCModel fitting with a custom-designed spectral model
and spectral integration of tCho in the fitted spectrum. This approach using a noise-free
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representation of the spectrum enabled reliable modeling of a linear baseline underneath the
tCho peak and was found to be robust with respect to considerable lipid contamination. A
secondary aim of this study was to establish the mean, standard deviation and an upper limit
of the normal tCho concentration in healthy controls as a reference for volumetric mapping
of tCho in patients with breast cancer, which is currently under way in our laboratory.

Materials and Methods

Human Subjects and Scanners

Phantom

This study was approved by the institutional review boards at both participating institutions.
Written informed consent was obtained before participation. /n vivo experiments in 19
healthy volunteers were performed at two sites, both using a 3T MR scanner (Tim Trio,
Siemens, Erlangen, Germany). One site (UMN) was equipped with 4-channel breast coil
from Siemens (Erlangen, Germany) and the other site (Mind Research Network) was
equipped with an 8-channel breast coil (Sentinelle Medical Inc, Canada). Second order
automated shimming was performed across the entire breast region encompassed within the
PEPSI slice.

A breast phantom used for /n vitro tests at both sites consisted of a cylindrical, 2 liter bottle
filled with canola oil. A 40mm diameter sphere, containing 1mM phosphocholine chloride,
10mM trimethylsilyl-propionic acid (TSP) and 0.2mM Gd-DTPA in 0.9% saline, was placed
within and below the center of the cylinder (34).

MR Imaging and MR Spectroscopic Imaging

Breast anatomy was imaged using a bilateral localizers and 3D axial MRI scans. Then, a 2D
high resolution multi-slice FLASH scan was performed using: TR/TE = 156 ms/2.75 ms,
FOV = 280%280 mm, slice thickness = 3 mm, number of slices = 8, TA = 1 minute. Water
and lipid suppressed (WS) and non-water suppressed (NWS) PEPSI scans were acquired
using the same slice orientation as the 2D FLASH scan with the following parameters: TR/
TE=1500 ms/12 5ms, 32x32 matrix size, FOV = 640 mmx640 mm, slice thickness = 20
mm, and a voxel size of 8 cc. This relatively large voxel was used in order to match the
voxel size typically used for SVS in the human breast and to provide adequate sensitivity for
detecting the expected low tCho concentration in healthy breast tissue.

The PEPSI pulse sequence consisted of the following modules: WET water suppression
(35), spin-echo RF excitation with MEGA lipid suppression (36), and echo-planar readout
with 2048 readout gradients. The reconstructed spectral width after even-odd echo editing
was 1087 Hz, with 1 Hz digital spectral resolution. Sampling on the readout gradient ramps
was performed to maximize sensitivity. Two-fold oversampling and regridding to correct
ramp sampling were used in the readout direction. For the WS PEPSI scans, weighted
averaging was used in the phase encoding (PE) direction to further decrease acquisition
time. The acquisition time consisted of 6.3 minutes for the WS scan and 48 seconds for the
single NWS reference scan, resulting in a total acquisition time of 7.1 minutes.

SVS was performed with PRESS localization and MEGA lipid suppression, using TR/TE =
3'5/125 ms and a 2x2x2 cm voxel. SVS water reference scan was acquired in the voxel
using TR = 3s, and TE = 50ms or 125ms, with 4 dummy scans. The single voxel was
positioned in the center of glandular tissue. PRESS-CSI was performed with MEGA lipid
suppression using identical TR/TE, slice selection and voxel size as the PEPSI scan and a
4x4 cm? PRESS area selection. The PRESS-CSI water reference scan was performed with
identical parameters but with water and lipid suppression disabled, requiring an acquisition
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time of 6.3 minutes. The scan times used for water-suppressed SVS and PRESS-CSI in vivo
were similar to that for PEPSI, i.e., 6.3 minutes, whereas the total scan time including water
reference acquisition was 6.5 minutes for SVS, and 12.6 minutes for PRESS-CSI.

Data Reconstruction

Reconstruction of PEPSI data was implemented on the scanner in the Integrated Computing
Environment (ICE), which is part of the scanner operating system (Siemens, Erlangen,
Germany). Following online regridding and downsampling of the oversampled ADC readout
signal, data were saved in a data buffer according to coil, spectral and k-space dimensions,
and the signals were averaged online. A Hamming filter (50% window) was applied across
the k-space dimensions before performing a Fast Fourier Transform (FFT) and coil
combination. For each voxel, the first measured data point on the NWS spectrum was used
as the coil sensitivity metric. Coil combination of the WS and NWS spectra was performed
using weighted averaging, with the weighting factors being the conjugate of the coil
sensitivity data but normalized by the their sum of square (37). Even and odd gradient echo
data were processed separately and averaged to maintain SNR and to avoid spectral
ghosting. ICE reconstruction enabled display of the reconstructed spectra on the scanner
immediately after the acquisition. The reconstructed spectral array data in DICOM format
were then sent to a customized Matlab program for offline processing. Manual inversion of
some of the spectra was necessary due to the phase correction using the oversuppressed
water signal. The spectrum at each pixel was extracted and converted into LCModel format
for spectral quantification. Coil combination and spatial reconstruction of SVS and PRESS-
CSI data was performed using the manufacturer’s software.

Spectral Quantification

To illustrate the challenges of fitting breast MRSI data we examined sample data sets.
LCModel software using the standard breast-3 basis set is unable to adequately fit the
residual lipid peaks near 2.8, 2.3, 2.0, 1.3, and 0.9 in breast MRSI data, which often have
broad and irregular line shapes. Figla demonstrates a non-ideal LCModel fitting result of a
SVS spectrum. LCModel fitting of CSI breast data is even more challenging due to the
stronger lipid contamination and line shape distortion as a result of Gibb’s ringing. The large
residual lipid signal tends to bias the parameterization of LCModel fitting, which may lead
to incorrect estimation of the tCho concentration. A modified weighting factor for lipid
peaks might be used to solve this issue, but this is beyond the scope of the present study.

In this work, we used a two-step, hybrid approach to calculate the tCho area in the WS
spectrum. In the first step, we obtained a noise-free representation of the raw data using
LCModel. In principal, any curve fitting algorithm, such as b-spline fitting, can be adopted
to produce a smooth spectrum, as long as it preserves spectral details of the spectrum. Here,
we utilized the superior fitting capability of LCModel using a customized basis set that
contains 11 Lorentzian singlet peaks representing tCho (6 = 3.22 ppm) and 10 peaks that
accommodate broad and irregular line shapes of residual lipid signals within the 2.0 — 2.9
ppm range. The basis set was optimized empirically by fitting different number of simulated
Lorentzian peaks in the 2.0 to 2.9 ppm range with the goal of minimizing excessive
modulation of the fitted baseline that negatively impacts the quantification of tCho. Further
increase of the number of basis functions did not improve the fit quality.

In the second step, the outputs of LCModel, including the original and the fitted spectra
were further processed using custom software written in Matlab (Mathworks 2008a) to
calculate the tCho area and the residual noise level. The tCho peak was identified in the
fitted WS spectra by finding the local maximum in the vicinity of 3.22ppm. Then, the two
data points with local minimum values in the 3.07 — 3.22 and the 3.22 — 3.37 ppm ranges
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were selected in the fitted spectrum. The baseline underlying the tCho peak was modeled by
linear interpolation using these two points. The tCho signal was integrated above this
baseline to yield the tCho area. Residual noise was the difference between the fitted
spectrum and the original spectrum. The tCho SNR values were calculated based on tCho
peak amplitudes and the standard deviation of the residual noise. The hybrid approach
performed on the same SVS spectrum as in Figla provides a strongly improved estimate of
the tCho area (Fig. 1b).

In the NWS spectra, water and total lipid areas were calculated by integrating the ranges
from 4.0 to 5.0 ppm, and 0.4 to 2.6 ppm, respectively. The millimolal concentration of tCho
(millimoles of tCho per kilogram of water) was calculated using equation (1):

Areacho e_TE/TZ.Wuter ] _ e_TR/Tl.wuter Mwater ]06

Areay,, ¢ TFlae ] — ™R Mo Mg, MWiaer

[Chol=

(1]

where nyarer= 2 and nepe = 9 are number of protons per molecule of water and tCho,
respectively. MW, ater = 18 g/mol is the molecular weight of water. Consistent with our
previous studies, molal instead of molar concentration was used because the density of MR-
visible water is unknown for each voxel, due to the variable partial volume contribution of
the lipids(1).

The relaxation parameters of water and tCho in breast tissues were taken from previous
studies (1,5,14,38-41). Table 1 shows that the results vary between healthy and cancerous
tissue. The reported T4 times of water in healthy fibroglandular tissue (5,40,41) are ~40%
longer than in cancerous tissue (1,5,14,38,39). On the other hand, these studies showed that
the water T4 values in each tissue type, healthy or cancerous, are relatively consistent among
studies. Due to the low concentration of tCho in healthy tissue, the direct measurement of
the T4 of tCho is challenging in individual subjects and was not performed in this study. In
keeping with previous studies (e.g. (5)) we thus assumed that the T, value of tCho is at the
same level as the water T, value in healthy breast tissue (1,5), therefore neglecting the Tq
weighting in equation 1. To correct for transverse relaxation, we used 7 1o = 60ms,

T2 cho=399ms, consistent with previous studies(1). For the /7 vivo experiments, SNR=2 was
used as the threshold to determine whether the tCho signal was detectable or not.

Method validation in Breast Phantom

Comparison of the application of conventional PRESS-CSI and PEPSI sequence in a breast
phantom showed that each sequence produced comparable spectral quality with similar lipid
contamination. The PEPSI sequence was slightly modified to incorporate double spin echo
excitation with PRESS selection to best match the product design of CSI to facilitate
comparison. The line width of the resonances (mean + standard deviation) observed using
the MRSI techniques was found to be slightly larger (6.5 + 2.1 Hz) than that obtained from
the SVS technique (5.4 Hz) due to the larger shim volume needed for MRSI. The line-
shapes and line-widths obtained from PEPSI and CSlI, on the other hand, are very close,
which indicates that the eddy current effect introduced by the echo planar acquisition is
negligible. In addition, the tCho SNRs per unit acquisition time and unit volume measured
with PEPSI and CSI were also very comparable, as expected. The choline concentration
measured with all 3 methods was within ~10% of the true phantom concentration of 1.0
mM: 0.95 mM for SVS, 0.92 + 0.23 mM for PRESS-PEPSI, and 1.02 + 0.20 mM for
PRESS-CSI.
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In vivo measurements

PEPSI and SVS data from fibro-glandular tissue were collected from 19 subjects. A tCho
resonance with a signal to noise ratio greater than two was detected in 11 of these 19
subjects using SVS. Among these 11 subjects, 10 subjects showed detectable tCho (SNR >
2) on PEPSI scans. The group of 11 subjects in whom tCho was detected in SVS scans is
referred to as the choline-positive (Cho*) group. The remaining group of 8 subjects with
non-detectable tCho levels is referred to as the choline-negative (Cho™) group. By visual
inspection, the SVS spectra exhibited less baseline distortion due to lipid contamination than
the PEPSI data. Across the 19 subjects in whom both SVS and PEPSI scans were performed,
the NWS SVS spectra showed narrower water lines (21.8 = 8.6 Hz) than the NWS PEPSI
spectra (33.9 £ 12.6Hz), whereas the linewidths of the lipid methylene peaks at 6 = 1.3 ppm
obtained using the two techniques were comparable (33.5 £ 8.0 Hz vs. 33.2 £ 4.1 Hz). The
narrower water linewidth obtained using SVS was due to the smaller shim volume used in
SVS compared to the PEPSI scans. However, the water linewidth measured in the PEPSI
data showed a positive correlation (p < 0.003) with the water linewidth measured in SVS
data across subjects (Fig. 2). For PEPSI spectra alone, Cho+ water linewidth (22.7 + 7.4Hz)
is much smaller (p < 0.005) than Cho™ water linewidth (41.3 = 6.9Hz). Similarly, for SVS
water spectra, Cho+ water linewidth (15.8 + 6.7Hz) presented significantly smaller
(p<0.005) water linewidth than that of the Cho™ group (26.5 = 7.3Hz). Furthermore, subjects
in the Cho™ group presented a much larger lipid signal in both SVS and PEPSI scans than
those in the Cho+ group.

The heterogeneous distribution of water and lipid across breast tissue influences the spectral
quality, and hence the detection of tCho, as illustrated in Fig. 3, where images are shown
from axial scans from breasts with both high and low lipid contents. The PEPSI and SVS
positions are indicated along with the SVS NWS and PEPSI NWS spectra. Fig. 3a shows
data from a breast with large glandular lipid regions and considerable tissue heterogeneity.
The water linewidths in the NWS spectra were 31.3 Hz for SVS and 44.2 +3.4 Hz for
PEPSI. A tCho resonance was not detectable in this subject. In contrast, Fig. 3b shows an
MR image of a more homogeneous breast with denser fibro-glandular tissue (subject 8 in
Table 2). In this case, the spectra exhibited much narrower water linewidths for SVS and
PEPSI (15.6 Hz and 26.9+3.4 Hz, respectively) and we observed a detectable tCho peak at
3.22ppm, which yielded measured tCho concentrations using SVS and PEPSI of 0.61 mmol/
kg and 0.44+0.38 mmol/kg, respectively.

Quantification of tCho in vivo

The hybrid approach for tCho measurement in PEPSI data is illustrated in Fig. 4 for subject
1in Table 2. An oblique 2D coronal PEPSI slice (Fig. 4a, left) was overlaid on the axial
breast image and the PEPSI spectral grid was placed on the oblique image (Fig. 4a, right).
An example spectrum from a central voxel (Fig. 4b) shows the results of the hybrid fitting
procedure. The raw spectrum is displayed here in white, while the fitted spectrum, over the 2
— 4 ppm range is shown as a narrow black line. The residual noise is shown on top in black
(Fig. 4b) and the 3-fold magnified tCho peak is displayed between the residual noise and the
fitted spectrum. In this spectrum, a tCho peak with a SNR of 4.7 was detected at 3.22 ppm.
The WS spectra from the entire 13-voxel PEPSI array within the breast are overlaid onto a
breast MRI with the same slice orientation and position as the PEPSI scan in Fig. 4c. At
each grid point, from top to bottom, the residual noise, the detected tCho peak with 3-fold
magnification, and the fitted spectrum across the 2 — 4 ppm range are displayed. In this
particular subject, a total of 11 voxels showed tCho signals with SNR greater than 3. For
these 11 voxels, the average SNR was 4.9 + 1.1. The corresponding NWS spectral array is
shown in Fig. 4d. In this subject the water and 1.3 ppm lipid peak linewidths (mean +
standard deviation) were 24.8 + 7.1 and 51.3 + 13.0, Hz respectively. The average tCho/
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water area ratio was (3.1 + 0.78)x1074. The millimolal concentration (millimoles of solute
per kilogram of water) of tCho was found to be 0.65 + 0.16 mmol/kg.

Overall, the average tCho concentrations in the Cho+ group, in healthy breasts measured
using SVS and PEPSI, were found to be 0.48 + 0.31 mmol/kg (n = 11) and 0.45 £ 0.21
mmol/kg (n = 10), respectively. The individual tCho quantification results obtained from
SVS and PEPSI measurements for the Cho+ group are given in Table 2. In this study,
measurement of the tCho concentration in 2 subjects using conventional CSI with PRESS
prelocalization in fibro-glandular tissue, yielded a value of 0.34 + 0.27 mmol/kg. The tCho
concentration obtained using PEPSI in healthy breast tissue was found to be not significantly
different from that determined using either SVS or PRESS-CSI sequences.

An interesting quality check on the methods used is to determine the relationship between
the measured tCho integrals and those from the water and lipid signals. Choline-containing
compounds are water, and not lipid, soluble. Therefore, one expects to find a direct
correlation between the choline and water signal integrals, and an inverse correlation
between the choline and lipid signal integrals in each voxel in each subject. Linear
regressions between water, lipid and tCho peaks across voxels were performed for each of
the four subjects who had 6 or more voxels with detectable tCho peaks. For subject 8, a
significant positive correlation between the tCho and water peak areas was observed
(p<0.05). For subject 1 and 11, a significant negative correlation between tCho and lipids
were observed (p<0.05). For subject 7, the correlation between tCho and lipids showed a
trend with a p-value of 0.08. Other regression tests between, tCho and water, tCho and lipids
peak areas were not statistically significant and only showed trends. As examples, the tCho-
water and tCho-lipid area correlations for subject 1 and 11 are shown in Fig. 5. The
observed trends between tcho and water, tCho and lipids were consistent in all data sets with
6 or more tCho positive pixels. These observed correlations between tCho and water or
lipids also indicate that lipid contamination in the quantification of tCho was limited. VVoxels
with larger tCho signals contained more cellular water, and less lipid.

Discussion

The concentration of tCho in the healthy breast

The results presented here show that choline compounds are present in healthy breasts at
concentrations detectable using MRS on clinical instruments. Ten out of 19 (53%) subjects
showed a measureable tCho signal using PEPSI. The mean tCho concentration was 0.45 +
0.21 mmol/kg. For each individual subject, the tCho level across the breast varied only
moderately, as indicated by the deviation of tCho concentration for each subject in Table 2,
indicating a relatively homogeneous distribution of tCho concentration in normal
fibroglandular breast tissue.

A previous study at 4 Tesla found that tCho levels of more than 1.0 mmol/kg distinguished
malignant lesions from benign lesions and normal tissue(1). In the same study, four of five
normal subjects with a detectable tCho peak exhibited tCho levels of 0.3 — 0.7 mmol/kg. In a
recent CSI study in breast cancer, an average tCho concentration of 0.45 mmol/kg was
reported(5) in one healthy control subject. Another breast MRS study at 7 T revealed a tCho
concentration of 0.7 mmol/kg in healthy control subjects (4). Thus, the tCho concentration
in healthy female subjects measured in our study was consistent with previously reported
values. At 1.5 T, a previous study reported that 3 of 40 healthy (mean age 44 years) non-
lactating females demonstrated a composite signal at 3.22 ppm on MRS examination(42).
The relatively high lipid content in post-menopausal females and the low signal sensitivity at
1.5 T may have contributed to the low detection rate for tCho in that study. In breast cancer
patients, greater tCho concentration values with a considerable larger range (0.7 ~ 21.2
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mmol/kg) have been reported(1,4,5,8,38). Therefore, a tCho concentration of greater than
0.7 mmol/kg might be a threshold for breast cancer diagnosis. The elevated tCho
concentrations greater than 0.7mmaol/kg might be in part due to lipid contamination resulting
from insufficient lipid suppression of the MEGA pulses.

In this study, the average age of the volunteers was 23. A control group around this age may
not be representative for females who are normally older and have a higher risk of breast
cancer, which was a limitation of the present study. Young females tend to have denser
breast tissue and the measurement of tCho concentration is relatively easier than in older
individuals. Furthermore the tCho concentration may vary with age. Nevertheless, the
obtained tCho concentrations may serve as a reproducible reference data set for setting
thresholds in breast cancer diagnosis.

The identity of the tCho peak in healthy controls requires further characterization. One study
at 1.5T reported that in healthy volunteers, both lactating and non-lactating females, a
resonance peak located at 3.28ppm might be a composite peak resulting from myo-inositol/
taurine/GPC (42). A recent in vivo study using localized COSY at 3T reported a peak at
3.4ppm from taurine in healthy breast tissue and much lower Cho/Fat3 ratio in healthy
controls compared to ductal and lobular carcinoma (43). Further studies are needed to
confirm these findings. Further characterization of the tCho peak in breast tissue may be
achieved using 2D MRS approaches such as J-resolved spectroscopy (15) and COSY (18)
integrated into PEPSI, however, this is beyond the scope of the present study.

While PEPSI has the same SNR per unit acquisition time as conventional MRSI techniques,
its spatial encoding time is much shorter. To achieve equivalent SNR the overall acquisition
time is the same with both PEPSI and conventional MRSI, but the PEPSI approach would
average over multiple fully-encoded k-spaces. These distinct averages can be used to
integrate well-established MRS techniques, such as TE averaging and 2D NMR
spectroscopy, into the MRSI data acquisition to improve lipid suppression and unambiguous
tCho detection in a clinical setting. This study shows that PEPSI offers comparable
sensitivity to conventional CSI. Furthermore, PEPSI can feasibly be extended to 3D
spectroscopic imaging in the breast; conventional CSI is not feasible for 3D acquisition due
to the long acquisition time required. In principle, a 3D WS breast spectroscopic imaging
can be performed using PEPSI in the same acquisition time as that used in this work (i.e. 6.3
minutes) without sacrificing the SNR.

The method for tCho quantification

In this work we assume that the observed tCho signal is only originating from tissue
compartments containing tissue water. Because the MR-visible water content per unit
volume of tissue is unknown for each voxel due to the variable partial volume contribution
of the lipids, molal concentration was used. Further work is required to investigate the
distribution of tCho in healthy breast tissue compartments.

Due to the variation in intensity, line-width and line-shape of residual lipid resonances
across voxels, the quantification of tCho in water-, and lipid-suppressed breast spectra was
not straightforward. The commonly-used polynomial fitting of the baseline was not
sufficient in this case. Using a consistent parameter set for LCModel using the breast basis
set (parameter SPTYPE = 'breast-3") to process all voxels automatically in bulk mode was
not possible. Manual adjustments were frequently needed to quantify the breast spectra on a
voxel by voxel basis. Therefore, a hybrid tCho quantification method was developed that
used clusters of singlet peaks to fit the spurious residual lipid peaks around 2.3 and 2.8 ppm.
This allowed fitting over the larger spectral range of 2 ppm compared to the standard
LCModel fitting, which only worked well over a 0.5 ppm range around the tCho peak in the
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WS spectra. This customized basis set offered spectral quantification with reduced residuals,
and enabled automated spectral array data processing. In this hybrid approach, the curve
fitting functionality of LCModel was used only for the water suppressed spectra, whereas
tCho quantification was performed based on a tCho-water area ratio calculations using
spectral integration. The quantification results using the proposed hybrid method were
compared with the results obtained from standard LCModel fitting over a 0.5 ppm spectral
range around the tCho peak. The results were comparable for tCho peaks with a high SNR
and a flat baseline. For tCho peaks with a large residual lipid peak at around 2.8 ppm,
standard LCModel fitting consistently overestimated tCho due to instability of estimating
the baseline with a high order polynomial function. In addition, the detection of the residual
lipid peak around 2.3 and 2.8 ppm may have provided useful information for tCho baseline
detection by compensating distortions caused by the slopes from lipid peaks in the vicinity
of the tCho resonance.

The observed correlations between tCho and water or lipids (Fig. 5) indicated that lipid
contamination in the quantification of tCho was limited. Voxels with larger tCho signals
contained more cellular water, and less lipid. Nevertheless, lipid sidebands may have
contributed to the composite signal at 3.22 ppm, and caused variation of the tCho
concentration evaluation across the breast area for each individual subject. To remove this
potential influence of the spurious lipid side band, TE averaging will be incorporated into
the PEPSI sequence in a future technical implementation.

The effect of tissue heterogeneity on spectral quality

It was found that higher lipid content in breast tissues increased tissue heterogeneity and
decreased spectral quality, making tCho detection in the high lipid-content healthy breast
challenging. This conclusion was supported by the finding that the water linewidths
measured using PEPSI and SVS sequences in the same subject’s voxels were positively
correlated (Fig. 2), an indication that the residual magnetic field inhomogeneity after
shimming was largely dependent on the intrinsic tissue heterogeneity. Further evidence for
this effect of tissue heterogeneity on spectral quality was found from a comparison of the
water linewidths between the Cho+ and Cho™ populations. The width of the water line in the
Cho+ group was consistently smaller than that found in the Cho™ group.

This effect of tissue heterogeneity was also seen in previous studies, which set a threshold
for the lipid to water ratio of 0.33 above which the data were considered unsuitable for
fitting(1). Partial volume effects and susceptibility differences due to high lipid content in a
voxel introduced line broadening, baseline distortion and spectral contamination, making
tCho detection difficult. Spectral contamination from lipids in adipose tissue may propagate
into voxels centered on fibroglandular tissue. Therefore, effective lipid suppression was
critical during tCho measurement in the breast. MEGA lipid suppression substantially
reduced the lipid peak, but residual By and B; inhomogeneity limited the lipid suppression
efficiency. Lipid suppression strategies under development, such as frequency selective
refocusing(44) and inversion recovery nulling of the lipid signals, were beyond the scope of
the current study.

Overall, the water linewidth measured in PEPSI spectra was ~50 % larger than that seen in
the SVS spectra, indicating the challenge of shimming across the whole slice for the PEPSI
scan. Tissue heterogeneity in the large shim volume and macroscopic magnetic field
distortion at tissue edges likely contributed to the larger linewidth. Lipid contamination in
SVS data was considerably smaller than that found with the whole-slice PEPSI technique,
which was limited by Gibbs ringing associated with the Fourier Transform.
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In conclusion, although the tCho level in healthy breasts was relatively low, it was feasible
to measure its 2D concentration distribution across the entire breast using a short (7.1 min)
PEPSI protocol at 3 Tesla. The mean concentration of tCho, measured using PEPSI in
healthy females, was 0.45 mmol/kg, which was comparable to the value measured using
SVS and conventional PRESS-CSI techniques. In breast MRS, the water linewidth and lipid
to water signal ratio in the reference scan were important factors determining the
detectability of tCho within the imaging volume. The application of PEPSI in the breast
offered the advantage of minimizing the encoding time required for the acquisition of a
water-suppressed data set and a non-water-suppressed reference data set compared to
conventional CSI. This would enable integration of well-established MRS techniques, such
as TE averaging and 2D NMR spectroscopy, into the MRSI data acquisition to improve data
quality and spectral specificity in a clinical setting. The feasibility of studying tCho in
healthy glandular tissue supported the potential of using PEPSI for the evaluation of tCho in
breast cancer, where the concentration of tCho is considerably higher.
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Figure 1.

Display of the hybrid tCho quantification procedure on a SVS spectrum. (a) LCModel fitting
using the default basis-set shows incapability of fitting the ppm range where residual lipid
resides. (b) Demonstration of the LCModel fitting using the customized basis-set over the
[4.0 — 2.0] ppm range. The LCModel fit is shown as smooth curve overlaid on the original
noisy spectrum. In the fitted spectrum, the baseline underlying the tCho peak is detected by
finding the local minima at points A and B, to the right and left of 3.22ppm within a
0.15ppm distance. The tCho peak with a three time magnification is shown above the
spectrum. Also shown is the residual noise on top of the plot.
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Figure 2.

Characterization of water line width. Subjects in Cho- group presented a much larger water
line-width than the Cho+ group. A positive cross correlation between the water line-width
values obtained using the two techniques is clearly seen (p<0.003).
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Figure 3.

Influence of lipid content on tCho detection sensitivity. From left to right the axial MRI,
NWS SVS and NWS PEPSI spectra obtained from 4 voxels in (a) a breast with high lipid
content and (b) a breast with low lipid content are shown. For the subject in (a), tCho was
not detectable. PEPSI spectra show small water peaks due to the large lipid content in the 4
voxels, while the SV'S voxel was carefully positioned over the glandular tissue, yielding a
larger water signal. The subject in (b) exhibited narrower water and lipid line-width and
tCho was detected with measured concentrations of 0.61mmol/kg in SVS data and
0.44mmol/kg (mean) in the PEPSI data (subject 10 in Table 2).
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Figure4.
Example of 2D spectral array obtained from a subject with small lipid to water ratio (no. 1 in

Table 2) (a) PEPSI slice positioning overlaid on axial and oblique coronal MRIs. (b) A
single spectrum showing the tCho and residual lipid peaks. (c) WS spectral array overlaid
onto the MRI image. (d) water reference spectral array.
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Figureb.
Cross correlation between water, lipid and tCho peak areas across voxels in which tCho was

detected. Examples from two of the subjects in Table 2 are shown: (a) and (b) shows
regression between tCho and water/lipid peak area for subject 1. (c) and (d) shows the
regressions for subject 11.
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