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Abstract

Purpose: To report the technical aspects of noninvasive detection of cystathionine in human
brain glioma with edited MRS, and to investigate possible further acquisition improvements for
robust quantification of this metabolite.

Methods: /nn vivo IH MR spectra were acquired at 3 T in fifteen participants with an /DH-
mutated glioma using a MEGA-PRESS sequence previously employed for 2-hydroxyglutarate
detection (7R =2's, 7g = 68 ms). The editing pulse was applied at 1.9 ppm for the edit-on
condition and at 7.5 ppm for the edit-off condition. To evaluate the editing efficiency, spectra were
acquired in one participant by placing the editing pulse for the edit-on condition at 1.9, 2.03 and
2.16 ppm. Cystathionine concentration was quantified using LCModel and a simulated basis set.
To confirm chemical shifts and Jcoupling values of cystathionine, the 1H NMR cystathionine
spectrum was measured using a high-resolution 500 MHz spectrometer.

Results: In twelve gliomas, cystathionine was observed in the /n vivo edited MR spectra at 2.72
and 3.85 ppm, and quantified. The signal intensity of the cystathionine resonance at 2.72 ppm
increased 1.7 and 2.13 times when the editing pulse was moved to 2.03 and 2.16 ppm,
respectively. Cystathionine was not detectable in normal brain tissue.

Conclusions: Cystathionine can be detected /77 vivo by edited MRS using the same protocol as
for 2-hydroxyglutarate detection. This finding may enable a more accurate, noninvasive
investigation of cellular metabolism in glioma.

To whom correspondence should be addressehd: Matgorzata Marjanska, Center for Magnetic Resonance Research and Department of
Radiology, University of Minnesota, 2021 61 ST SE, Minneapolis, MN 55455, USA, gosia@umn.edu.
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Introduction

Cystathionine is synthesized from homocysteine by the transsulfuration pathway, and is an
immediate precursor of cysteine and glutathione, a major antioxidant (1). Decrease of
glutathione levels in the brain induced by oxidative stress and elevated homocysteine levels
in plasma and cerebrospinal fluid were suggested to play key roles in the pathogenesis of
neurodegenerative diseases (1-4). In contrast, while the importance of cystathionine for the
normal functioning of the brain was recognized several decades ago (5), the precise role of
this amino acid in either healthy or diseased brain is still not clear. The presence of
cystathionine at low concentration was reported in normal human brain tissue ex vivo (6),
and its concentration was found to be higher in the brain than in other organs (7). Significant
regional differences were observed within the brain (8-10), with the lowest concentration
found in the cerebellum and cortex, and with the highest concentration found in the
thalamus, ranging from 4.71 to 55.34 nmol/mg protein (11). The significance of variable
cystathionine concentration in the brain is not known, and pharmacological studies have
suggested a potential role as a neuromodulator (5,12).

Higher cystathionine levels in brain tumors compared to normal tissue were reported
previously from ex vivo tissue analysis (6,13). In particular, tumors of glial origin showed
the highest cystathionine concentrations, suggesting that cystathionine is preferentially
synthesized in glial cells (6). In general, the average cystathionine level in higher grade
gliomas (11/111, II/1V, 1) was higher relative to low grade gliomas (l1), with no genetic
information provided (13). Abnormal accumulation of cystathionine in breast cancer was
also reported (14), and cystathionine was suggested to be a novel oncometabolite possibly
contributing to drug resistance in cancer cells.

Abnormal cancer cell metabolism drives the accumulation of certain metabolites that may
not be detected reliably using conventional MRS, due to the low concentration and the
overlap with other metabolites. Edited MRS has been used in a number of studies to measure
2-hydroxyglutarate (2HG), a noninvasive marker of mutations in isocitrate dehydrogenase 1
and 2 genes (/DH%2) in gliomas (15,16). Recently, we reported the detection of cystathionine
using edited MRS, and explored the clinical utility of noninvasive cystathionine
quantification in tumors, showing evidence of an association between cystathionine
accumulation and 1p/19q codeletion in gliomas with /DH mutations (17).

In this work, we report further technical details regarding the measurement of cystathionine
in human brain glioma in vivo with edited 1H MRS at 3 T. /n vivo experiments, as well as
simulations, allowed us to reliably assess the presence of cystathionine in the MR spectra of
participants with glioma, and to investigate possible improvements in the acquisition
strategy for an optimal detection and quantification of this metabolite.
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Human participants

Fifteen participants (8 males; median age: 46 years, range: 32 — 68 years) with an /DH-
mutated, 1p/19q codeleted glioma were included in the study. Additional inclusion criteria
were: age > 18 years, Karnofsky performance status (KPS) > 60, and ability to provide
written informed consent prior to inclusion in the study. These subjects were part of a larger
cohort studied in our recent publication (17). The study was approved by the local ethical
committee (CPP-Paris 6) in accordance with Declaration of Helsinki principles.

High-resolution H NMR spectroscopy

The H NMR spectrum of cystathionine was measured at physiological temperature (37°C)
and pH (pH = 7) with a simple pulse-acquire sequence (repetition time (7g) = 3.4 s, number
of averages = 16) using a high-resolution 500 MHz Varian INOVA spectrometer (Varian,
Palo Alto, USA) equipped with a 5-mm probe.

In vivo MRI/MRS acquisition

Acquisitions were performed using a 3 T whole-body system (MAGNETOM Verio,
Siemens, Erlangen, Germany) equipped with a 32-channel receive-only head coil. 3D
FLAIR images (field-of-view = 255 x 255 x 144 mm3, resolution: 1.0 x 1.0 x 1.1 mm3,

Tr/ Te = 5000/399 ms, scan time = 5.02 minutes) were acquired to position the
spectroscopic VOI in the glioma (hyper-intense region in the images). MR spectra were
acquired with a single-voxel spectral editing MEGA-PRESS sequence (18) using previously
described procedures and parameters (7R =2 'S, 7= 68 ms, 7g1 = 13.08 ms, 7o = 54.92
ms, VOI > 6 cm?) (16). The editing pulse (single-banded 180-degree Shinnar-Le-Roux;
duration = 19.2 ms; bandwidth = 62 Hz) was applied at 1.9 ppm for the edit-on condition
and at 7.5 ppm for the edit-off condition, in an interleaved fashion (128 pairs of scans, scan
time = 8.5 minutes). PRESS spatial localization utilized a 90° Hamming-filtered sinc pulse
(duration = 2.32 ms, bandwidth = 3.83 kHz) and two 180° mao pulses (duration = 5.80 ms,
bandwidth = 1 kHz). To evaluate the editing efficiency, two additional sets of spectra were
acquired with editing pulse for the edit-on condition applied at 2.03 ppm and 2.16 ppm in
one subject. The final spectra were calculated by subtracting the spectra acquired at the edit-
on and edit-off conditions. For 8 subjects, the MEGA-PRESS acquisition was also
performed in the contralateral region outside the visible lesions.

Water suppression was performed using variable power with optimized relaxation delays
(VAPOR) and outer volume suppression techniques (19). Unsuppressed water scans were
acquired from the same VOI for metabolite quantification and eddy current corrections using
the same parameters as water suppressed spectra. By shimming was performed using a fast
automatic shimming technique with echo-planar signal trains utilizing mapping along
projections, FAST(EST)MAP (20).

In vivo MRS processing and quantification

The acquired spectra were processed in Matlab (MathWorks Inc., Natick, MA). Single-shot
spectra were frequency and phase aligned using the total choline signal at 3.22 ppm. All
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spectra were analyzed using LCModel v6.3-0G (21) (Stephen Provencher, Inc., Oakville,
ON, Canada) with the basis set simulated using the density matrix formalism (22) taking
into account duration and patterns for 90° and 180° radiofrequency pulses, slice-selective
gradients during 180° pulses, and timing used /7 vivo, as previously described (16). The
basis set included 2-hydroxyglutarate (2HG), cystathionine, y-aminobutyric acid (GABA),
glutamate, glutamine, glutathione (GSH), N-acetylaspartate, A-acetylaspartylglutamate. The
chemical shifts and JFcoupling values of cystathionine are reported in Table 1. For the other
metabolites, previously published chemical shifts and Fcouplings were utilized (23,24).

The quantification was carried out by scaling the signal using the unsuppressed water
reference, assuming a tumor bulk water concentration of 55.5 mM, and a water transverse
relaxation time constant ( 75) of 150 ms (25,26). The reported concentrations are
semiquantitative.

Tumor volumes were calculated from segmentation of FLAIR images using the ITK-SNAP
software (www.itksnap.org) (27). The percentages of tumor tissue within the VOI were
derived by overlaying the tumor masks with the corresponding VOIs.

Using the same procedures which were used to generate the cystathionine spectrum for the
basis set, a cystathionine PRESS spectrum with 7g = 30 ms was also simulated. To assess
the editing efficiency for both cystathionine and 2HG, MEGA-PRESS difference spectra at
7e = 68 ms were simulated with the editing pulse during edit-on condition placed at 1.9,
2.03 and 2.16 ppm. The cystathionine resonance at 2.72 ppm and 2HG resonance at 4.02
ppm were evaluated as a function of the different editing pulse frequencies.

Cystathionine (2-amino-4-(2-amino-2-carboxyletheyl)sulfanylbutanoic acid) is a dipeptide
formed by serine and homocysteine. Its chemical structure and high-resolution NMR
spectrum are shown in Figure 1A and 1B, respectively. The chemical shifts, J~coupling
constants, and connectivity are reported in Table 1. The 8CH, and “CH protons of the serine
moiety form an ABX spin system with three doublet-of-doublets at 3.07, 3.14 and 3.94 ppm.
The homocysteine moiety has two methylene groups and a methine group that are strongly
coupled, forming an AMNPQ spin system. The signal from the single proton of the methine
group forms a doublet of doublets centered at 3.85 ppm, while resonances from the four
protons of the two methylene groups are grouped between 2.11 and 2.22 ppm, and 2.68 and
2.75 ppm. At the field strength of 3 T, the complex multiplets collapse into simplified
resonance patterns, as shown in Figure 2A.

Under physiological conditions, all cystathionine resonances overlap with resonances of
other compounds. The #CH, group from the homocysteine moiety is the least overlapped as
it is only partially overlapped with resonances of the NAA multiplet and aspartate. The
spectral overlap with other metabolites can be removed with the use of spectral editing
methods such as MEGA-PRESS. Indeed, the cystathionine resonances at 2.13 and 2.19 ppm
resonate within the bandwidth of the editing pulse placed at 1.9 ppm used for GABA and

Magn Reson Med. Author manuscript; available in PMC 2020 October 01.


http://www.itksnap.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Branzoli et al.

Page 5

2HG detection and are Jcoupled to resonances at 2.70, 2.73, and 3.85 ppm. As a
consequence, the edited spectrum has two major resonances at 2.72 and 3.85 ppm (Figure
2B). In the /n vivo edited spectrum, the resonances at 2.72 ppm are clearly visible and do not
overlap with any other metabolite, while resonances at 3.85 ppm overlap with glutamate,
glutamine, and GSH signals (Figure 3).

The cystathionine concentration in gliomas ranged from 0.2 mM to 4.1 mM, as reported
previously (17). Cystathionine was not detectable in normal brain tissue (Figure 3).
Integrated diagnosis with /DH and 1p/19q status according to the 2016 World Health
Organization (28) are reported in Table 2, together with cystathionine and 2HG
concentrations and associated Cramer-Rao lower bounds (CRLBS). The size of the
spectroscopic VOI and the percentage of tumor in the VOI are also listed in Table 2 for each
subject. In three subjects, the percentage of tumor tissue in the VOI was lower than 80%. In
two of these, the cystathionine concentration was very low. In three cases in which
cystathionine was below 1 mM, the cystathionine resonances could not be visually
identified, and the signal-to-noise ratio, calculated as the maximum amplitude of the fitted
signal between 2.6 and 2.8 ppm divided by the root-mean-square of the noise, was below 1.

The signal intensity of the cystathionine resonance at 2.72 ppm increased 1.7 and 2.13 times
when the editing pulse was moved to 2.03 and 2.16 ppm, respectively (Figure 4). A similar
increase in the editing efficiency of cystathionine was also observed /n vivo (Figure 5). The
signal intensity of 2HG decreased 9% and 33% when the editing pulse was moved to 2.03
and 2.16 ppm, respectively (Figure 4).

Discussion

The cystathionine signal at 2.72 ppm as well as the 2HG signal at 4 ppm are detected with
no overlap with other metabolites when using edited MRS. The cystathionine signal was
unexpectedly observed during our previous study focusing on the measurement of 2HG (16),
and identified as cystathionine based on the agreement with phantom and simulated spectra
(17). While the editing efficiency is optimal for 2HG detection using an editing pulse placed
at 1.9 ppm, a significant improvement can be achieved with regards to cystathionine
detection by tuning the editing pulse frequency. By using an editing pulse centered at 2.03
ppm, it is possible to achieve a 70% increase in the cystathionine signal with a relatively low
loss of 2HG signal. Further gain in both the cystathionine and 2HG signals can be obtained
by replacing the MEGA-PRESS sequence with a MEGA-LASER sequence, which has been
shown to provide 60% more 2HG signal compared to MEGA-PRESS (29).

2HG detection by MRS has been shown to provide a unique way to noninvasively predict
/DH mutations, with high clinical impact with respect to diagnosis and prognosis in patients
with brain tumors (15,16,30). On the other hand, cystathionine accumulation could be linked
to abnormalities in intermediary metabolisms in tumor cells. Although cystathionine is also
present in small concentrations in healthy tissue, in this study it was not detectable in normal
brain tissue. We have recently shown that higher cystathionine levels are associated with
1p/19q codeletion and that cystathionine could represent a noninvasive marker of abnormal
expression of cystathionine-pathway genes such as cystathionine gamma-lyase (C7H) and
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cystathionine beta-synthase (CBS) (17). In a previous ex-vivo study, the changed profile of
CTH activity and cystathionine levels in gliomas were correlated and both of them decreased
with the increase of the grade of glioma malignhancy (13). Additionally, our observations
suggested that cystathionine increase is associated with enhanced CBS activity likely due to
a compensatory mechanism induced by oxidative stress, and that this process may be
exacerbated in the presence of 1p/19q codeletion due to reduced activity of CTH (located on
chromosome 1p) (17). Notably, high CBS expression was suggested to confer better
prognosis in /DH-mutated gliomas with 1p/19q codeletion (31). Further investigations are
needed to evaluate the possible role of cystathionine as a marker of antioxidative activity in
brain tumors and, eventually, its prognostic value.

Conclusions

Cystathionine can be detected and quantified reliably in glioma /n7 vivo by edited MRS. Our
findings open up the possibility to investigate /n vivo the potential clinical relevance of
cystathionine as a candidate marker of transsulfuration pathway disruption in brain glioma
and other neurodegenerative diseases. The possibility of simultaneous detection of
cystathionine and 2HG in brain tumors will allow for a more specific characterization of
glioma sub-types, with great benefits for patient care and treatment.
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Figure 1. Structureand IH NMR spectrum of cystathionine.
(A) Chemical structure and (B) high-resolution 'H NMR spectrum acquired at physiological

temperature (37°C) and pH (pH = 7) obtained with a pulse-acquire sequence using a 500
MHz spectrometer. 7g = 3.4 s, number of averages = 16.
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Figure 2. Appearance of cystathionineat 3 T.
Simulated (A) PRESS spectrum with 7g = 30 ms, and (B) MEGA-PRESS edit-off, edit-on

and difference spectra with 7g = 68 ms and editing pulse placed at 1.9 ppm using chemical
shifts and J+coupling constants reported in Table 1. Simulated spectra are shown with 2 Hz
line-broadening.
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Figure 3. In vivo detection of cystathionine.
In vivo spectra from each of the 15 patients with glioma and one /n vivo spectrum from

normal brain tissue are shown with the cystathionine contribution fitted by LCModel. The
cystathionine pattern is visible in 12 patients at 2.72 ppm in glioma, while it is not detectable
in 3 patients nor in the normal tissue. Spectra are scaled with respect to the water signal. No
line-broadening was applied. 7gr =2's, 7g = 68 ms, 128 pairs of averages.
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Figure 4. Editing efficiency for cystathionineand 2HG.
Simulated MEGA-PRESS difference spectra at 7g = 68 ms with the editing pulse during

edit-on condition placed at 1.9, 2.03 and 2.16 ppm focusing on (top) cystathionine resonance
at 2.72 ppm and (bottom) 2HG resonance at 4.02 ppm.
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Figure 5. Editing efficiency for cystathioninein vivo.
MEGA-PRESS difference spectra at 7g = 68 ms acquired in a participant with glioma with

the editing pulse during the edit-on condition placed at 1.9, 2.03 and 2.16 ppm. 2HG was not
observed in this participant. 7g = 2 s, 96 pairs of scans.
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Proton chemical shift and +coupling values for cystathionine.

Table 1.

Group
2CH

SCH,

4CH,

6CH,

CH

Chemical shift (ppm)
3.85146

2.13537

2.19154

2.70420

2.72989
3.07403

3.07403

3.9414

J-coupling (H2)
6.97

5.48

14.78

8.49

6.92

6.30

8.45

13.45

7.25

432
14.75

Connectivity
2-3

2-3

3-3’

34

3-4’

3-4

-4

4-4
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Table 2.

Page 15

Histomolecular features of the cohort, together with cystathionine and 2HG concentrations from edited MRS.

Subject Histological diagnosis IDH status ~ 1p/19g codel  [Cystathionine, mM]  [2HG, mM] VOI size,
# (CRLB, %) (CRLB,%) mL/
Tumor in
VOI, %
S01 Oligodendroglioma grade I1 IDH1 R-132H Yes 2.4 (20) 4.9 (10) 8/90
S02 Oligodendroglioma grade I1 IDH1 R-132H Yes 3.8(11) 1.7 (25) 6.4/97
S03 Oligodendroglioma grade 11 IDH1 R-132H Yes 2.0 (21) 1.9 (22) 8/94
S04 Oligodendroglioma grade I1 IDH1 R-132H Yes 2.0(14) 1.7 (17) 7.2/89
S05 Oligodendroglioma grade I1 IDH1 R-132H Yes 0.8 (57) 0.9 (57) 12/75
S06 Oligodendroglioma grade 11 IDH1 R-132H Yes 0.2 (221) 1.0 (38) 10/50
S07 Anaplastic oligodendroglioma grade IDH1 R-132H Yes 4.0(7) 2.6 (11) 8/91
1
S08 Anaplastic oligodendroglioma grade IDH1 R-132H Yes 3.2(11) 2.7 (11) 20/87
11
S09 Anaplastic oligodendroglioma grade IDH1 R-132H Yes 2.0 (26) 2.2 (25) 8/97
1
S10 Anaplastic oligodendroglioma grade IDH1 R-132H Yes 15(32) 9.6 (6) 9.7/88
1
S11 Anaplastic oligodendroglioma grade IDH1 R-132H Yes 3.9(11) 3.1(14) 8/100
11
S12 Anaplastic oligodendroglioma grade IDH1 R-132H Yes 3.7 (8) 2.0 (16) 10.6/100
1
S13 Anaplastic oligodendroglioma grade IDH1 R-132H Yes 4.1(14) 1.2 (45) 8/98
1
S14 Anaplastic oligodendroglioma grade IDH1 R-132C Yes 2.9 (16) 1.1(38) 8/45
11
S15 IDH1 R-132H Yes 0.5 (79) 1.2 (36) 9/91

Anaplastic oligodendroglioma grade
1
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