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Abstract

Purpose—To test whether the citrate is elevated in adult patients with gliomas using 1H MRS at
3T invivo.

Methods—Thirty-four adult patients were enrolled in the study, including 6 subjects with
glioblastomas, 8 subjects with astrocytomas (5 WHO grade-3 and 3 grade-2), and 20 subjects with
oligodendrogliomas (5 grade-3 and 15 grade-2). Five healthy volunteers were studied for baseline
citrate data. Single-voxel localized spectra were collected with PRESS TE = 35 and 97 ms and
analyzed with LCModel using numerically calculated basis spectra that include the effects of the
PRESS radio-frequency and gradient pulses.

Results—Citrate was not measurable by MRS in healthy brain, but was detected in tumor
patients at both echo times. The citrate concentration was estimated to be as high as 1.8 mM with
reference to water at 42 M, with CRLB as low as 5%. The mean citrate level was 0.7£0.4 mM
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(meanxSD, n=32) with median CRLB of ~12%. No correlation was identified between citrate
concentration and tumor grade or histological type.

Conclusion—Citrate was increased in the majority of gliomas in adult patients. The elevated
citrate in our data indicates an altered metabolic state of tumor relative to healthy brain.

Keywords

citrate; gliomas; adults; 1H MRS; 3T; PRESS (point-resolved spectroscopy); density-matrix
simulation

INTRODUCTION

Tumors reprogram their metabolism to meet the needs of rapid cell growth and survival in
harsh environments. Changes in metabolite abundance relative to normal tissue may serve as
biomarkers of malignancy, and the ability to monitor these changes noninvasively would
have significant clinical utility in cancer. Citrate (Cit) is positioned at a critical metabolic
branch point, serving as an intermediate both for energy generation and for biosynthesis of
lipids and related molecules (1,2). Therefore, perturbations in Cit abundance would reflect
alterations in either the synthesis or utilization of this metabolite, and noninvasive analysis
of Cit concentrations in tumors would provide a window into this important aspect of
intermediary metabolism.

Citrate has four non-exchangeable protons from two magnetically equivalent CH, groups.
The two protons of each group resonate in the proximity of 2.6 ppm with J coupling strength
of ~15 Hz at neutral pH (3), giving rise to a dominant multiplet centered at 2.6 ppm. While
Cit concentrations in prostate are normally high and in vivo detection of altered Cit levels

by 1H MRS is proven to be a useful tool for patient management in prostate cancer (4,5), Cit
in the healthy human brain undergoes oxidation in the citric acid cycle and is not measurable
by MRS invivo. Prior IH MRS studies at 1.5T showed that Cit is significantly increased in
pediatric tumors (6,7). We hypothesized that Cit may also be elevated in adult patients with
gliomas. Detection of Cit in human brain by *H MRS is complicated by the presence of
adjacent resonances of N-acetylaspartate (NAA) and aspartate (Asp) (8). Since the CH,
proton resonances of NAA and Asp at ~2.6 ppm are all strongly coupled and spectrally
distant from their weak-coupling partners, the signals are sensitive to MRS sequence
parameters, such as inter-RF pulse delays and radio-frequency (RF) pulse bandwidth (9,10).
Precise measurement of Cit in brain tumors therefore requires careful design of data
acquisition and analysis.

In this article, we report elevation of Cit in adult patients with gliomas, as measured using
single-voxel H MRS at 3T in vivo. Two echo times (35 and 97 ms) of point-resolved
spectroscopy (PRESS) were used for confirmation purpose, at which the Cit signals at 2.6
ppm have opposite polarity. Spectral fitting of the data was undertaken using numerically
calculated spectra that include the effects of the volume-localized RF and gradient pulses as
well as the subecho times. The performance of the data acquisition and analysis methods
was validated in phantoms. Preliminary data for evaluation of Cit levels in various types of
gliomas are presented.
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Thirty-four adult patients with gliomas (median age 36.5, range 20 — 62) were enrolled in
this study. The study protocol was approved by the Institutional Review Board at the
University of Texas Southwestern Medical Center and written informed consent was
obtained prior to MR scans. The set of gliomas comprised 6 glioblastomas, 8 astrocytomas
(5 grade-3 and 3 grade-2), and 20 oligodendrogliomas (5 grade-3 and 15 grade-2). The
tumor types were determined by histology on biopsy, with World Health Organization
criteria. In addition, 5 healthy volunteers (median age 32; range 25 — 36) were studied as
controls.

Experiments were carried out on a whole-body 3T scanner (Philips Medical Systems, Best,
The Netherlands). A body coil was used for RF transmission and an 8-channel phased-array
head coil was used for signal reception. In vitro experiments were conducted on six
spherical phantoms (6 cm diameter; pH = 7.0). The spectral patterns of Cit, NAA, and Asp
were studied in three phantoms: one with Cit (22 mM) and creatine (Cr) (10 mM), one with
NAA (30 mM), and one with Asp (33 mM) and Cr (10 mM). In addition, three phantoms
were prepared for testing the Cit detectability in the presence of overlapping signals; (Cit,
Asp, NAA) at (0, 19, 30), (5, 19, 30), and (0.7, 2, 3) mM. Data were obtained with PRESS
TE = 35 and 97 ms sequences ((TE1, TEp) = (21, 14) and (32, 65) ms, respectively) and with
STEAM (TE, TM) = (14, 19) ms from a 2x2x2 cm?3 voxel, using a TR of 12 s (number of
signal averages (NSA) = 64). The PRESS and STEAM sequences used identically shaped
90° excitation RF pulses (9.8 ms; bandwidth = 4.2 kHz at half amplitude), whose amplitude/
frequency modulations and excitation profiles are shown in a prior study (11). The PRESS
TE =35 and 97 ms sequences used 6.9 and 13.2 ms 180° pulses, respectively, whose
bandwidths were both 1.3 kHz at an RF intensity (B;) of 13.5 uT, as in a prior study (12).
The transition width to bandwidth ratio of the 90° and the 6.9 and 13.2 ms 180° pulses were
9, 12 and 19%, respectively. The discrepancy between the STEAM and PRESS localized
voxel shapes was ignored in the subsequent data analysis.

For invivo scans in tumor patients, following survey imaging, T,-weighted fluid-attenuated
inversion recovery (Tow-FLAIR) images were acquired to identify tumor masses. Spectra
were acquired from a 2x2x2 cm?3 voxel positioned at the center of the tumor masses with
NSA = 128. Data acquisition parameters included: TR = 2.0 s, spectral width = 2500 Hz,
number of sampling points = 1024, and TE = 35 and 97 ms. First and second-order
shimming was carried out, using FASTMAP (13). A vendor-supplied four-pulse variable-
flip-angle sub-sequence was used for water suppression. Following each water-suppressed
PRESS acquisition, an unsuppressed PRESS water signal was acquired using the same
gradient scheme. In addition, an unsuppressed water signal was acquired from each voxel
using STEAM (TE, TM) = (14, 19) ms and TR = 2 s. The multi-channel data were
combined, with the scanner built-in routine, by summing the multi-channel data after
correcting the zero order phase difference between channels using water reference data. For
in vivo scans in healthy volunteers, data were acquired from the medial occipital lobes using
the same parameters as in tumor scans.
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Residual eddy current effects were minimized using the unsuppressed PRESS water signal.
LCModel software (Version 6.3-0F) (14) was used for spectral fitting of metabolite and
water data. The basis set included numerically simulated spectra of 21 metabolites, which
included Cit, Asp, NAA, 2HG, NAAG, Glu, GIn, GABA, ml (myo-inositol), Gly (glycine),
Lac (lactate), Cr (creatine + phosphocreatine), GSH (glutathione), Ala (alanine), Ace
(acetate), Eth (ethanolamine), PE (phosphorylethanolamine), sl (scyllo-inositol), Tau
(taurine), Glc (glucose), and Cho (glycerophosphorylcholine + phosphorylcholine). The
LCModel built-in functions were used for fitting of macromolecule and lipid signals. The
spectral fitting was conducted between 0.5 and 4.1 ppm. Cramér-Rao lower bounds (CRLB)
were returned as percentage standard deviation by LCModel. Correlation coefficients
between a pair of metabolite estimates, which are indicative of the interdependence of the
signal estimates, were obtained from LCModel output files. Spectra with LCModel-returned
FWHM (full width at half magnitude) less than 0.05 ppm were included in subsequent data
analysis. Metabolite concentrations were estimated with reference to water at 42 M, ignoring
potential differences of the water concentrations between tumors. For Cit, Cr, NAA and
Cho, T5, relaxation effects were corrected using the respective values of T, = 150, 150, 260,
and 240 ms in healthy brain (15), and T, = 170, 170, 300, and 300 ms in tumors (16,17). T
was assumed to be the same for water and metabolites and in healthy brain and in tumors.
Surgical cavities, areas of intratumoral hemorrhage, cystic changes and necrosis, identified
on Tow-FLAIR anatomical images, were excluded from the tumor voxels.

LCModel basis spectra of the metabolites were obtained, with an in-house Matlab program,
for the PRESS and STEAM sequences used for data acquisitions. The time evolution of the
density operator was calculated by solving the Liouville-von Neumann equation (18) for the
Hamiltonian that includes the Zeeman, chemical shift and scalar coupling terms, and the
slice-selective RF and gradient pulses. 3D volume localized metabolite spectra were
calculated with a product-operator transformation matrix method, as described in our prior
paper (Supplementary Information) (19). A transformation matrix, which represents the
density operator evolution during an RF pulse, was created, for each slice-selective RF pulse
of the PRESS and STEAM, with a spatial resolution of 1% (i.e. 0.01 = sample length /
number of pixels / slice thickness). For the 180° pulses (bandwidth = 1.3 kHz), the sample
length was two-fold greater than the slice thicknesses, thus with a carrier frequency at 2.7
ppm, spin resonances between —1.5 and 7 ppm were equally rotated through 180°. For the
90° pulse with bandwidth of 4.2 kHz, with a sample length to slice thickness ratio of 1.5 and
the carrier frequency of 2.7 ppm, resonances between —4.5 and 10 ppm were equally
excited. In addition, dual-echo spectra were calculated, using delta (1 ns) RF pulses tuned to
2.7 ppm (without volume localization) for comparison with the PRESS volume-localized
simulations. Published chemical shift and J coupling constants (8,20) were used for the
simulations.

One-way ANOVA analysis was performed to assess difference among tumor grades or
histological types. The least square mean method was employed to estimate the mean and
95% confidence interval for each group. Statistical significance was declared for p-value <
0.05. All statistical analyses were conducted using software SAS 9.3 (SAS Institute, Gary,
NC).
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RESULTS

Phantom studies

Since the CH, proton multiplets of NAA and Asp overlap with the Cit signal and may
interfere with Cit detection, we tested the LCModel fitting performance of our simulated
basis sets of Cit, NAA and Asp in phantom data, Fig. 1. In the density matrix simulation of
Cit, the four non-exchangeable protons of Cit were modeled as two AB spin systems with
resonances (84, 0g) = (2.65, 2.54) ppm and a scalar coupling strength of Jag = -15.1 Hz.
For Cit, at TE = 35 ms, the phantom data showed that the strongly-coupled Cit spins
produced a dominant signal at 2.6 ppm, with symmetric sidebands at 2.74 and 2.46 ppm. For
a Cit to Cr concentration ratio of 2.2 (in Phantom-1 of Fig. 1), the Cit to Cr peak amplitude
ratio was 1.22 when the spectra were broadened to have a Cr 3.03-ppm singlet linewidth of
4.3 Hz. The LCModel fits obtained with the PRESS volume-localization simulated basis sets
(labeled Fit-1) and with delta RF pulse generated basis sets (labeled Fit-2) both reproduced
phantom spectra at the short TE well, giving negligible residuals. In contrast to the positive
multiplet of Cit at TE = 35 ms, the Cit signal at TE = 97 ms was a negative multiplet
centered at 2.6 ppm. The calculated spectra for TE = 97 ms were somewhat different
between the two simulation methods. While Fit-1 was essentially the same as the phantom
spectrum, Fit-2 was slightly different from the experimental data, giving residual signals
between 2.4 and 2.8 ppm. For the NAA and Asp CH, multiplets, the phantom spectra were
also well reproduced by the Fit-1 (in Phantoms-2 and -3). However, Fit-2 was substantially
different from the experimental data for both TEs, giving large residual signals. The
discrepancy between Fit-2 and the phantom data was more extensive in the NAA CH»
resonances than in the Asp CH, resonances, which was primarily due to the difference in the
spectral distance between the CH, and CH resonances in NAA and Asp (1.8 vs. 1.2 ppm)
with respect to the PRESS 180° pulse bandwidth (1.3 kHz).

The spectral analysis performance of the PRESS volume localized basis sets was further
tested in composite phantoms, Fig 2. For the phantom with NAA and Asp only (Phantom-4),
LCModel fitting gave zero Cit estimates at TE = 35 and 97 ms, while reproducing the
prepared Asp and NAA concentrations. When the spectra were normalized to the NAA
singlet amplitude, the composite phantoms that contained Cit (Phantoms-5 and -6) produced
spectra with larger signals at 2.6 ppm than Phantom-4 and the spectrum with the largest
signal at 2.6 ppm was from the phantom with the highest concentration of Cit relative to
NAA and Asp (Phantom-6). Spectral fits reproduced the phantom spectra well. The prepared
concentrations of Cit, NAA and Asp were reproduced by the fitting analysis within
experimental errors (e.g., 5%) in all three phantoms which included a case with potential in-
vivo concentrations in tumors (Phantom-6). Asp and NAA gave signals at ~2.6 ppm, whose
polarities were more or less positive at both TEs. For an NAA singlet linewidth of 4.3 Hz,
the NAA CH, multiplet between 2.5 and 2.7 ppm was 10% and 6% with respect to the NAA
CHs singlet amplitude at TE = 35 and 97 ms, respectively. In Phantom-5 ([Cit]/[[NAA] =
1/6), the NAA CHjy signal intensity was about the same as the Cit signal strength at TE = 35
ms, indicating approximately equal contributions of Cit and NAA to the phantom signal at
2.6 ppm. However, at TE = 97 ms, the negative signal at 2.6 ppm in the Phantom-5 and -6
spectra was solely due to the Cit signal since Asp and NAA both give positive signals.
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Taken together, the composite signals of Cit, Asp and NAA were successfully resolved by
spectral fitting with the PRESS sequence-specific calculated basis spectra.

Patient studies

In vivo brain spectra from a subject with oligodendroglioma (grade 3) are presented in Fig.
3a-b, together with voxel positioning in Tow-FLAIR images and LCModel results for both
PRESS TE = 35 and 97 ms, analyzed using PRESS volume-localized basis spectra. For
validation purpose, residuals are presented of fitting with and without Cit in the basis set.
MRS data were acquired from two locations; one in the superior and another in the inferior
region of the tumor. The signal at 2.01 ppm was relatively small in both locations, indicating
decreased NAA in the tumor. For the superior frontal region (Fig. 3a), the TE = 35 ms
spectrum showed a signal at 2.6 ppm, which was greater than 10% of the NAA CHs singlet
intensity. Spectral fitting gave a Cit concentration of 1.6 mM with a CRLB of 5%. A large
negative signal was observed at 2.6 ppm in the TE = 97 ms spectrum, giving a Cit
concentration of 1.8 mM following the correction for T, effects. Spectral fitting without Cit
resulted in large residuals at ~2.6 ppm at both TEs, indicating that the signals at 2.6 ppm
were primarily attributable to Cit. In contrast, the spectra from the inferior tumor region did
not show a noticeable signal at 2.6 ppm at TE = 35 or 97 ms, giving very small Cit estimates
with large CRLBs. Residuals for this region were essentially the same between the fittings
with and without Cit. The Cit concentration was highly heterogeneous in the tumor, with the
concentrations from 0 to 1.8 mM. For comparison, Cit was not measurable in healthy brain
at TE = 35 or 97 ms, Fig. 3c. Residuals from the fitting with Cit were the same as those from
the fitting without Cit.

Citrate was detected in several types of brain tumors, including oligodendroglioma,
astrocytoma and glioblastoma. In each of the three cases in Fig. 4, a Cit signal was
discernible at 2.6 ppm in the spectra and Cit was estimated to be higher than 0.5 mM with
CRLB < 10%. The residuals were clearly different between the fittings with and without Cit
when the Cit concentration was higher than 1 mM (Fig. 4a,b), but the residual difference
was small in low Cit concentration cases (Fig. 4c). The classic pattern of elevated Cho with
decreased NAA and Cr was observed in all gliomas. The strengths of the Cho, Cr and NAA
signals were about the same in each of the three tumors. Lactate was elevated in the tumors.

Citrate was not measurable with acceptable precision in the five healthy subjects (medial
occipital), Fig. 5. The Cit CRLB was between 53% and 999% at PRESS TE = 35 ms, and
was 999% at PRESS TE = 97 ms, with citrate estimates of 0 — 0.1 mM. The mean value of
the estimates was 0.03 and 0 mM from the TE = 35 and 97 ms data, respectively. For
comparison, spectral fitting with delta-pulse generated basis spectra resulted in small
CRLBs and high citrate estimates (i.e., 9 — 12% for the TE = 35 ms data, and 6 — 7% for the
TE = 97 ms data, with a mean Cit estimate of ~0.8 mM), which are most likely misleading
results primarily arising from the use of suboptimal basis multiplets of NAA and aspartate
(Asp) for spectral fitting, as indicated in Fig. 1. From the TE = 35 and 97 ms data in the 5
controls, the concentrations of Cr, NAA, and Cho were estimated to be 7.6+0.8, 11.4+0.6,
and 1.4+0.1 mM (meanSD, n = 5). The FWHM values, returned from LCModel, were
between 0.03 and 0.035 ppm.
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Of the 34 tumor patients, data from 32 patients had LCModel-returned FWHM < 0.05 ppm
at both TEs and were thereby selected for subsequent analysis (mean FWHM = 0.034+0.008
ppm). Spectral fitting was performed with PRESS volume-localized basis sets. The
concentrations in these 32 glioma patients ranged from 0 to 1.8 mM with CRLB between 5
and 999% (Fig. 5). The mean concentration was estimated as 0.7+0.4 mM at both TE = 35
and 97 ms, but the median CRLB for TE = 35 ms data was slightly lower than that for TE =
97 ms (11% vs. 13%). Although Cit was not detected in some tumors (4 cases with CRLB >
50 at TE = 35 or 97 ms), the mean Cit estimate of the 32 tumors was significantly higher
than the Cit level in healthy brain (p = 2.0x10~7, unpaired t-test). At both TEs, 21 tumors
showed CRLB < 20% with mean Cit level at 0.9 mM, and 11 cases had CRLB < 10% with a
mean Cit level of 1.2 mM. For the 32 tumors, the CRLBs of Cr, NAA and Cho were all <
20%, the median values being 1 — 3%. The concentrations of Cr, NAA and Cho were
estimated as 6.1+1.8, 3.2+1.6, and 3.0+1.2 mM, which were significantly different than in
healthy brain (p = 0.015, 8x1072°, and 5x107°), respectively. The estimates of Cit and Cr
were both about the same for TE = 35 and 97 ms, indicating that a T, of 170 ms, which is a
published T of Cit in prostate (16), may be valid for correcting the Cit relaxation effects in
brain tumors.

The LCModel analysis indicated that the Cit estimate was correlated with the Asp and NAA
estimates, which is due to the spectral overlap of Cit with these metabolite signals. For the
32 tumor subjects, the correlation coefficients of Cit with NAA and Asp were —0.15+0.04
and 0.00£0.03 (mean+SD, n=32) for TE = 35 ms, and 0.02+0.03 and 0.14+0.09 for TE = 97
ms, respectively. The inverse correlation of Cit and NAA at TE = 35 ms was likely due to
the same polarity (positive) of their signals at ~2.6 ppm and the positive correlation value of
Citand Asp at TE = 97 ms was likely due to the opposite polarity of the signals at ~2.6 ppm,
as shown in Fig. 1. The correlation coefficients of Cit to metabolites other than NAA and
Asp were essentially zero, which is not surprising since there was no considerable signal
overlap with Cit.

The 32 gliomas included 20 oligodendrogliomas, 6 astrocytomas, and 6 glioblastomas, for
which the mean estimated Cit concentrations were 0.7+0.4, 0.8+0.2, and 0.9£0.2 mM,
respectively. One-way ANOVA analysis did not show a significant difference in mean Cit
levels between the groups (p = 0.73). The Cho concentration, which is greater in tumors than
in healthy brain, was 2.7+0.7, 4.0+1.7, and 3.2+1.3 mM in the three respective groups. The
mean Cho level of the 20 oligodendrogliomas was significantly different from that of the 6
astrocytomas (p = 0.01), but there was no significant difference between the
oligodendroglioma and glioblastoma groups (p = 0.2) or between the astrocytomas and the
glioblastomas (p = 0.4). When the 32 tumors are grouped according to malignancy, there
were 18 grade 2, 8 grade 3, and 6 grade 4 tumors, whose mean Cit levels were 0.6+0.3,
0.9+0.5, and 0.9+0.2 mM, respectively. There was a trend of high Cit levels in high grade
tumors, but the ANOVA analysis did not indicate the presence of statistical significance (p =
0.14). Also, Cho was not significantly different between grades (p = 0.11).

Magn Reson Med. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Choi et al. Page 8

DISCUSSION

The current paper reports the in vivo detection of Cit in adult patients with gliomas by *H
MRS at 3T. PRESS TE = 35 and 97 ms methods were used for detection of the Cit signal at
2.6 ppm and the concentration was estimated with correction for the relaxation effects. Cit,
which was not measurable in healthy brain in the present study or a prior study (6), was
detected in many tumors. The mean concentration of Cit was approximately 0.7 mM, and
the range of the concentration in individual patients was from 0 to 1.8 mM.

Although direct comparison of the results from the present study to those from a prior MRS
study of pediatric tumors at 1.5T (7) may not be possible due to potential differences in
quantification methods, the Cit estimate of the present study in adult patients is similar to the
Cit level in indolent low-grade astrocytomas (0.6+0.8 mmol/Kg) but much lower than that in
aggressive low-grade astrocytomas (4.1+1.1 mmol/Kg) (7). While there was no evidence of
Cit elevation in pediatric glioblastomas (7), in the present study Cit was detected in all 6
adult patients with glioblastomas. Our data did not show correlation of Cit concentration
with tumor type or grade.

In addition to Asp and NAA, NAAG, which was not included in our phantom study, has
proton resonances in the proximity of 2.6 ppm. The aspartyl moiety of NAAG has coupled
resonances at 2.52 and 2.72 and gives signals in the proximity of the Cit 2.6-ppm multiplet
(20). Computer simulations indicated that, for identical concentrations of NAAG and Cit
and a singlet linewidth of 4.3 Hz, the NAAG multiplet strength between 2.5 - 2.7 ppm is
18% and 9% relative to the Cit signal amplitude at TE = 35 and 97 ms, respectively. Given
that NAAG was not observable in ex vivo tumor MRS studies (21), the spectral overlap of
NAAG and Cit may not be a confounding factor in Cit detection in brain tumors. The
presence of a negative signal at 2.6 ppm in PRESS TE = 97 ms spectra may be a conclusive
indicator of elevated Cit as the signal is uniquely generated by Cit among known brain
metabolites (7,8).

The numerical simulation results in Fig. 1 indicate that the pattern and intensity of the Cit
multiplet at short TE is similar between volume-localized (PRESS) and hard pulse (non-
volume localized) dual-echo sequences, but this is not the case at long TE. Further
simulations of PRESS indicated that, at TE = 97 ms, 180° pulses with large bandwidth (10
kHz) gave a Cit signal very similar to that from the hard-pulse simulation. The intensity of
the simulated Cit signal (when normalized to a singlet) decreased progressively with
decreasing bandwidth. Thus, despite the small spectral distance between the Cit resonances,
the Cit signal of long-TE PRESS has a dependence on the bandwidth of the 180° RF pulses.
Also, long-TE PRESS Cit signals may be influenced by the transition width of the 180°
refocusing profile. A simulation on a 3.4-ms 5-lobe 180° pulse, which had the same
bandwidth (1.26 kHz) as the 180° pulses used in the present study but had a larger transition
width to bandwidth ratio (37% vs. 9%), resulted in a reduced Cit signal at TE = 97 ms (i.e,
smaller by ~70%). As shown in Figs. 1 and 2, the CH, proton signals of NAA and Asp
overlap with the Cit signal. Since the CH, protons for these metabolites are strongly coupled
to each other and weakly coupled to their CH protons, the CH, multiplets at ~2.6 ppm
produced by a PRESS sequence are sensitive to the 180° RF pulse bandwidth and transition
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width. Thus, use of experimental RF and gradient pulse parameters for generating basis
spectra for spectral fitting is critical for reliable measurement of Cit in brain tumors when
the RF pulse bandwidths are not much greater than the spectral distance between the CH,
and CH proton resonances of NAA and Asp. When the Cit concentration is high, Cit may be
reliably measurable with proper basis spectra of metabolites. However, in cases with low Cit
concentrations, the reliability of the measurement may be reduced due to the low signal-to-
noise ratio of Cit and the effects of potential spurious signals and/or macromolecule signals
at ~2.6 ppm, which could be fit into Cit.

Lastly, the biological basis for Cit elevation is unclear at present. It is also unclear why Cit
accumulates in some adult brain malignancies and not others. In a recent in-vivo MRS
study, 1H signals from elevated Cit in pediatric glioma patients did not change over the
course of a one-hour infusion of uniformly 13C-labeled glucose, indicating that the Cit pool
was not rapidly supplied by glucose carbon (22). Furthermore, early ex-vivo 13C MRS
studies revealed 13C-labeled Cit following the infusion of 13C-labeled acetate, but not after
infusion of 13C-labeled glucose (23-25). Both lines of evidence suggest that a significant
fraction of citrate is produced from cells that can metabolize acetate. This would presumably
include glial cells in the healthy brain, and perhaps acetate-metabolizing cells in a subset of
adult gliomas. Given that Cit is not measurable by MRS in healthy brain, the presence of Cit
on MRS may be a useful imaging marker in the diagnosis of brain malignancies. Further
study will be required to determine whether Cit abundance is correlated with clinical
symptoms or response to therapy.
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Phantom spectra of Cit (Phantom-1), NAA (Phantom-2), and Asp (Phantom-3), obtained
with PRESS TE = 35 and 97 ms at 3T, are shown together with LCModel fitting results. The
spectral fitting was undertaken with basis spectra that were calculated using the PRESS
volume-localization RF and gradient pulses (Fit-1 and Residuals-1) and using 1-ns (hon-
localizing) 90° and 180° RF pulses (Fit-2 and Residuals-2). Residuals represent subtraction
of calculated spectra from phantom spectra. Spectra were broadened to have singlet
linewidths (FWHM) of 4.3 Hz prior to LCModel fitting. Spectra are normalized to the Cr or
NAA singlet amplitude. A vertical line is drawn at 2.6 ppm.
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FIG. 2.

Spectra at 3T from three composite phantom solutions are displayed with LCModel fits and
residuals for PRESS TE = 35 and 97 ms. PRESS volume-localized basis spectra were used
for spectral fitting. The signals of Asp, Cit and NAA are shown with concentration
estimates. Phantom-4, -5, and -6 were prepared for (Cit, Asp, NAA) at (0, 19, 30), (5, 19,
30), and (0.7, 2, 3) mM, respectively. Spectra were broadened to NAA singlet linewidth of
4.3 Hz and normalized with respect to the NAA singlet amplitude.
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In vivo brain spectra at 3T from a patient with oligodendroglioma and a healthy volunteer
are shown together with LCModel fits and residuals for PRESS TE = 35 and 97 ms. PRESS
volume-localized basis spectra were used for spectral fitting. The Cit signal is shown with
the concentration and CRLB of Cit. The lower trace of each in vivo spectrum shows
residuals from the LCModel fitting with a basis set without Cit. The patient was scanned for
two locations post-surgery. The voxel size was 2x2x2 cm3 (TR = 2 s; NSA = 128). Each
spectrum was normalized with respect to the short-TE STEAM water signal from the voxel.
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FIG. 4.
In vivo spectra from 3 subjects with gliomas, obtained with PRESS TE = 35 and 97 ms at

3T, are shown together with LCModel fits, residuals, and the Cit signals. The Cit
concentration estimate and CRLB are presented for each patient. Data are shown in a similar
manner as in Fig. 3.
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Concentrations and CRLBs of Cit, Cr, NAA, and Cho in 5 healthy volunteers and 32 adult
patients with gliomas, obtained with PRESS TE = 35 and 97 ms are shown here. In the
upper panel, the error bars represent the standard deviation of the concentration with respect
to the mean values which are indicated by thick bars. The median value of the integer
CRLB:s (returned by LCModel) is shown as a bar in the lower panel.
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