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Quantitative Magnetic Resonance Spectroscopy in the
Entire Human Cervical Spinal Cord and Beyond at 3T

Anke Henning,"™ Michael Schér,’ Spyros S. Kollias,2 Peter Boesiger,! and Ulrike Dydak’

Quantitative magnetic resonance spectroscopy (MRS) amends
differential diagnostics of neurological pathology. However,
due to technical challenges, it has rarely been applied to the
spinal cord and has mainly been restricted to the very upper
part of the cervical spine. In this work, an improved acquisition
protocol is proposed that takes technical problems as strong
magnetic field inhomogeneities, pulsatile flow of the cerebro-
spinal fluid (CSF), and small voxel size into account. For that
purpose, inner-volume saturated point-resolved spectroscopy
sequence (PRESS) localization, ECG triggering, and localized
higher-order shimming and F, determination, based on high-
resolution cardiac-triggered static magnetic field B, mapping,
are combined. For inner-volume saturation a highly selective
T:- and Bj-insensitive outer-volume suppression (OVS) se-
quence based on broadband RF pulses with polynomial-phase
response (PPR) is used. Validation is performed in healthy vol-
unteers and patients with multiple sclerosis and intramedullary
tumors. The applicability of spinal cord MRS is extended to the
entire cervical spine. Spectral quality and its consistency are
improved. In addition, high quality MRS patient data from a
lesion that occluded the spinal canal in the thoracic spinal cord
could be acquired. A quantitative analysis of patient spectra
and spectra from healthy volunteers at different positions along
the spinal cord underlines the diagnostic value of spinal cord
MRS. Magn Reson Med 59:1250-1258, 2008. © 2008 Wiley-
Liss, Inc.
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Magnetic resonance spectroscopy (MRS) noninvasively
provides information on the biochemistry of neuronal tis-
sue which is complementary to conventional MRI investi-
gations. Concentration changes of metabolites such as N-
acetyl-aspartate (NAA), choline containing compounds
(Cho), creatine (Cre), or myo-inositol (mI) indicate de-
creased neuronal density or neuronal dysfunction, such as
decreased neurotransmitter excretion, distorted membrane
synthesis, malfunction of the energy metabolism, or demy-
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elination, respectively. Specific patterns of metabolic
changes observable by MRS point toward certain disorders
of the central nervous system such as multiple sclerosis,
low- and high-grade tumors, amyotrophic lateral sclerosis,
or spino-cerebellar ataxia. Hence, MRS aids in the differ-
ential diagnosis of space-occupying lesions and various
metabolic diseases. Therefore, investigation of human
brain pathology by quantitative MRS has gained increased
acceptance by clinicians (1).

However, due to technical challenges, quantitative spi-
nal cord MRS has rarely been used and was mainly re-
stricted to the brain stem and the upper part of the cervical
spine down to the C2-C3 level (2—6). Preliminary studies
indicate that metabolite concentrations are sufficiently
high to be observed by MRS in the entire spinal cord, but
spectral quality was insufficient for quantification in the
middle and lower cervical and even more in the thoracic
and lumbar spinal cord (7-9). Susceptibility differences
between vertebral bodies, intervertebral discs, and the sur-
rounding tissue lead to strong magnetic field inhomogene-
ities (2). The pulsatile flow of the cerebrospinal fluid (CSF)
induced by cardiac and respiratory motion causes phase
fluctuations, water suppression failure, and movement of
the spinal cord. F, misdetermination leads to dislocation
of the spectroscopy voxel and, therefore, to lipid contam-
ination arising from epidural, muscular, and subcutaneous
fat, and bony marrow. The chemical shift displacement
artifact, caused by bandwidth limitations of slice-selective
excitation and refocusing pulses, limits the signal-to-noise
ratio (SNR) due to imprecise localization and anomalous
J-modulation (10) and induces ghosting artifacts (11) due
to the inclusion of CSF into the voxel as well as lipid
contamination.

In this work, the applicability of quantitative MR
spectroscopy is expanded to larger segments of the spi-
nal cord. Furthermore, the spectral quality and its con-
sistency is improved. To that, an enhanced acquisition
sequence is proposed that takes the above mentioned
technical problems into account. The use of inner-vol-
ume saturated point-resolved spectroscopy (PRESS) (10)
aims at precise localization, CSF flow artifact reduction,
and avoidance of lipid contamination. To that a T;- and
B;-insensitive outer-volume suppression (OVS) (12)
based on highly selective, broadband saturation pulses
with polynomial-phase response (PPR) (13) is utilized.
Localized higher-order shimming and F, determination,
based on high-resolution cardiac-triggered static mag-
netic field By mapping (14), aims at reduction of static
magnetic field inhomogeneities and avoidance of dislo-
cation of the spectroscopy volume. To obviate motion
artifacts and to enhance shimming ECG triggering is
applied (2).
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FIG. 1. a: Conventional PRESS lo-
calization (solid box) leads to chemi-
cal-shift displacement (dashed and
dotted boxes) and therefore to lipid
contamination and artifacts arising
from pulsatile CSF flow and suscepti-
bility differences. b: Enlargement ofthe @
PRESS box (solid box) and inner-vol-
ume saturation (dotted lines) based on
the proposed PPR-based OVS has a
significant impact on artifact reduction.
lterative first order shimming and Fy
determination was performed. No ECG
triggering was used during the acqui-
sition.

METHODS

Inner-Volume Saturation Based on RF Pulses With
Polynomial Phase-Response

Inner-volume saturated PRESS localization (10) using six
OVS bands based on highly selective, broadband RF
pulses with Polynomial Phase-Response (13) was applied
for single-voxel proton MRS in the spinal cord (Fig. 1). To
account for the water-fat shift, 1.5-mm overprescription
was applied. The frequency of excitation, refocusing, and
saturation pulses was set to the NAA resonance. As de-
scribed in detail by Henning et al. (12), for each geometri-
cally described OVS band, two saturation pulses with flip
angles, which have been numerically optimized for T-relax-
ation times of lipid (7; = 290 ms) and CSF (T, = 3120 ms),
were utilized. Thus, T;- and Bj-insensitive suppression of
unwanted signal to below 3% of its original intensity was
achieved. The maximum duration of each saturation pulse
was 6 ms. To account for pulsatile CSF flow, which amounts
up to 1 cm per cardiac cycle in the cervical spine (15), OVS
slabs were not only placed anterior-posterior and right-left of
the spectroscopy voxel but also along the head-feet direction.
PPR pulses achieve bandwidths of 38.2 kHz, 12.3 kHz, or
6.2 kHz for flip angles of 30°, 90°, and 150°, respectively, for
a maximum B, field strength of 13.5 T (body coil—compare
“experimental setup”). These large bandwidths enable high
gradient strength and hence a negligible chemical shift dis-
placement artifact (12,13). Fractional transition widths of
0.04 using PPR pulses with a normalized time-bandwidth
product (nBW) of 500 (13) are sufficiently narrow for inner-
volume suppression even combined with very small volume
sizes as required in spinal cord spectroscopy (12,13). The
OVS band thickness of 4 cm provides a good suppression of
CSF and lipid signal. However, it compromises on the abso-
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lute fractional transition width of the saturation bands and,
therefore, their selectivity. To avoid rephasing, amplitude
and direction of spoiling gradients were periodically modu-
lated following sinusoidal envelope functions that are shifted
against each other in all three spatial dimensions (12,16-18).

Localized Shimming and F, Determination Based on Static
Magnetic By Mapping

Localized shimming and F, determination was based on
high-resolution, cardiac-triggered static magnetic field B,
mapping as described in detail by Schér et al. (14). By maps
were recorded in coronal direction with an in-plane and
through-plane resolution of 2.1 mm. Up to 18 slices were
acquired covering spinal cord, CSF and parts of the verte-
bral bodies in the region of interest. The shortest possible
repetition time Ty of 9 ms and a difference in Ty of 2.3 ms
were used for acquisition of the two necessary phase maps.
The resulting B, maps were unwrapped prior to shim
calculation if necessary. The calculation of optimal shim
values to achieve field inhomogeneity corrections up to
the second order was performed for a cylindrical volume
around the MRS volume of interest, instead for the MRS
volume itself (Fig. 2). This procedure avoids immediate
transitions to inhomogeneous regions adjacent to the spec-
troscopy voxel due to the second order inhomogeneity
correction. Therefore artifacts such as ghosting are obvi-
ated and better convergence of the shim optimization rou-
tine is achieved due to increased shim volume size. The
optimization is based on a constraint Levenberg-Mar-
quardt least-square minimization routine, aiming at fitting
the linear and quadratic field terms, adjustable by the
available shim coils, and thus correcting for the B, inho-
mogeneity distribution inside the selected shim volume.
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FIG. 2. Shimming based on static magnetic field Bo mapping in the cervical spinal cord for a spectroscopy voxel (dotted line) at the C2-C3
level: shown are modulus image (a), initial Bo map (pixels shown in black are masked and not used for the shim calculation) (b),
inhomogeneity-corrected By map (same threshold for masking) (c), and frequency distribution used for Fy determination based on (c) inside
the cylindrical shim volume (bold circle). Line width (FWHM) of unsuppressed water after first order iterative shimming (e), second order
shimming based on By mapping using the spectroscopy volume as shim volume (f), using a cylindrical volume as shim volume and a By
map acquired without (g) and with ECG triggering (h), are compared. ECG triggering and PPR-based OVS were applied for the MRS

acquisitions.

Localized F, determination was performed subsequently
by adding the calculated shim corrections to the initial B,
map and determining the resonance frequency at the phase
center of the selected shim volume. F, corrections were
calculated in relation to the initially determined F; of the
scout images, thus ensuring precise coregistration of plan-
scan and spectroscopy voxel.

Experimental Setup

All MR experiments were performed on a Philips Achieva
3T scanner (Philips Medical Systems, Best, the Nether-
lands) using the integrated body-coil (maximum B; = 13.5
wT) for transmission and a Philips 12-element array spine
coil for reception. Depending on the voxel location, two to
four channels were combined for the MRS acquisition.
ECG triggering with a trigger delay of 300 ms was per-
formed to minimize motion artifacts, signal cancellation
due to phase fluctuations, and to enhance shimming
(2,19). In healthy volunteers, MRS voxel placement was
aimed at minimization of the number of spanned spinal
processes in order to further minimize B, distortions as
suggested by Cooke et al. (2) (Fig. 1). This procedure has
not always been applicable in patients since an adaptation
of voxel size and position toward the lesion was necessary
to avoid partial volume effects. Voxel sizes (unsaturated
inner volume) were maximized depending on the size of
the spinal cord or the lesion, respectively, and amounted
to volumes between 0.36 ml and 1.49 ml, which corre-
spond to dimensions of 4 X 6 X 15 mm to 6.5 X 8.5 X
27 mm. A high-resolution transversal T,-weighted scout

image was acquired to precisely plan the spectroscopy
voxel. For the MRS acquisition, the minimum possible
echo time (T%) of 42 ms was used to maximize the SNR. A
minimal repetition time of 2000 ms was used to reduce
SNR loss due to saturation effects and to fulfill specific
absorption rate (SAR) limitations. Due to ECG triggering,
the actual repetition time depended on the individual
heart rate and was slightly longer. For 512 averages a
combined 16-step CYCLOPS (cyclically ordered phase se-
quence) and EXORCYCLE phase cycle was applied for
artifact suppression. Depending on the actual heart rate,
the total MRS scan time amounted to between 17 min and
21 min. Frequency locking (20) was switched off to avoid
Fy maladjustments during the scan arising from the limited
signal intensity due to the small voxel sizes. For water
suppression two chemical shift selective (CHESS) (21)
pulses were applied prior to the OVS pulses. MRS data
were quantified using LCModel (22,23) and a set of basis
spectra simulated using GAMMA (http://www.nmr.
ethz.ch/Gamma.html) including 20 metabolites such as
NAA, Cho, Cre, ml, glutamate/glutamine (Glx), alanine
(Ala), and lactate (Lac). Lipids (Lip) and macromolecules
(MM) are simulated according to Seeger et al. (24) and
included into the metabolite basis by default in LCModel
(23). Metabolite concentrations based on fitting results
with Cramer-Rao lower bounds (CRLB) smaller than 25%
were considered in the quantitative analysis.

To test the influence of OVS on artifact suppression,
ECG triggering was switched off, shimming and F, deter-
mination were based on conventional iterative methods.



Quantitave MRS Entire Cervical Spinal Cord

For shimming tests inner-volume saturated PRESS local-
ization and ECG triggering was used, but only 16 averages
were acquired, since the line width of unsuppressed water
was evaluated. All other measurements were performed
according to the above description.

Volunteers and Patients

Sequence optimization was performed in 11 healthy vol-
unteers. The finalized sequence was tested in eight healthy
volunteers and three patients suffering from either an ac-
tive demyelination in the spinal cord or a spinal cord
tumor. Scout images, acquisition of a highly-resolved car-
diac triggered B, map and calculation of shim settings,
additional MRS preparation steps, and the MRS acquisi-
tion itself required 45 min to 1 h scan time. To minimize
the time patients spent inside the MR scanner only one
spectrum at the position of the lesion was acquired instead
of recording an additional spectrum of adjacent healthy-
appearing tissue. Spectra from healthy volunteers at the
same position along the spinal cord were acquired instead
for comparison.

RESULTS
Inner-Volume Saturation Based on RF Pulses With PPR

Comparative measurements in the cervical spinal cord at
the C2-C3 level using PRESS localization without (Fig. 1a)
and with inner-volume saturation based on PPR pulses
(Fig. 1b) demonstrated the impact of OVS on artifact re-
duction and spectral quality enhancement. Since chemi-
cal-shift displacement (indicated by the dashed and dotted
boxes around the solid box of the spectroscopy voxel in
Fig. 1a) causes severe CSF contamination, spectra acquired
using conventional PRESS localization revealed artifacts
and SNR loss caused by signal cancellation due to phase
fluctuations. While the most prominent peaks visible in
neuronal tissue NAA, Cho, and Cre were not assignable,
resonances at macromolecule and lipid frequencies were
predominant in that case (Fig. 1a). The use of the proposed
inner-volume saturation scheme enhanced the spectral
quality significantly (enlarged solid box indicates the spec-
troscopy volume and the dotted lines the borders of the
OVS bands in Fig. 1b). NAA, Glx, Cre, Cho, and mI could
be clearly assigned (Fig. 1b). The remaining lipid/MM
resonances indicated a dislocation problem of the excited
volume due to F, misdetermination using conventional
iterative shimming and F;, determination.

Localized Shimming and F, Determination Based on Static
Magnetic By Mapping

The proposed second-order shimming algorithm based on
static magnetic field B, mapping (Fig. 2a—d) was compared
to localized iterative first-order shimming and to localized
second-order shimming based on the FASTERMAP algo-
rithm (25,26). In order to clearly resolve resonances and
increase the peak amplitude to achieve a sufficient SNR, a
B, inhomogeneity correction leading to a water line width
(FWHM, unsuppressed) of 12 Hz or below is necessary.
Both FASTERMAP and iterative shim showed only spo-
radic convergence toward this criterion at the C2-C3 level,
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in about one out of six volunteers and did hardly ever
converge at lower levels along the spinal cord. The pro-
posed localized shim based on static magnetic B, mapping
did converge in all measured volunteers in the upper and
medium cervical spinal cord down to the C5 level toward
the above mentioned criterion and even showed improved
performance as compared to the two alternative methods
further along the thoracic spinal cord caudally. Figure 2
demonstrates the typical enhancement of inhomogeneity
correction and therefore water line width at the C2-C3
level using B, mapping compared to iterative shimming.
Best convergence of inhomogeneity correction and F, de-
termination was achieved when the shim volume was
cylindrical with a diameter of about the double voxel size
centered at the position of the spectroscopy volume rather
than a voxel-sized box or a larger shim volume (Fig. 2f and
g). Further improvement was attained by using ECG trig-
gering during the acquisition of the By map (Fig. 2h). The
described localized F, determination based on the inho-
mogeneity corrected B, map (Fig. 2d) enabled precise
coregistration of the spectroscopy voxel with the scout
image. Hence, the combination of OVS and localized Fy
determination effectively prevented lipid contamination
stemming from the surrounding epidural, muscle and sub-
cutaneous fatty tissue (Fig. 3).

ECG Triggering

Measurements performed on three healthy volunteers at
the C2-C3 level with and without ECG triggering proved
that the line width of the unsuppressed water signal in-
creases significantly from 8 Hz to up to 15 Hz when ECG
triggering is switched off. This is in accordance with find-
ings of Cooke et al (2).

MRS in the Cervical Spine

Reproducible shim convergence and precise localization
extended the applicability of quantitative MRS to the en-
tire cervical spinal cord (Figs. 3 and 4). Unambiguous
resonance assignments and LCModel-based quantification
was achieved in the upper (Fig. 3a) as well as in the
medium and lower cervical spine (Fig. 3b). Average me-
tabolite concentration ratios from eight healthy volunteers
measured at different levels along the cervical spinal cord
were in accordance with earlier findings (Table 1) (2,3).
While NAA, Cho, and Cre concentrations show a low
intersubject variability and hence indicate precise quanti-
fication, the determined Glx and mI concentrations vary
significantly. As illustrated in Fig. 4, the proposed mea-
surement protocol also allowed for the acquisition of
sound spectra from spinal cord lesions in the entire cervi-
cal spine, even if their inhomogeneity introduced further
artifact sources (Fig. 4a). Metabolite concentration ratios in
individual patients were clearly distinct compared to the
average values of healthy subjects and reveal similar
trends as reported previously for the brain (Table 1) (27).
Detection of pathologic Lac was possible. Macromolecule
resonances are visible in both patient spectra at around
1.5 ppm (Fig. 4) (27,28), but have significant contributions
from modulation side bands (29,30) as indicated by an-
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FIG. 3. Representative spectral quality and LCModel fitting results (see Table 1) at the C2-C3 (a) and the C4-C5 (b) level, which were
reproducibly achieved in eight healthy volunteers at different levels along the cervical spine using ECG triggering, inner-volume saturation
based on PPR pulses as well as shimming and F determination based on static magnetic field By mapping (Te = 42 ms, Tg = 2000 ms,

512 averages). The arrows indicate modulation sidebands.

tiphase peaks at the same distance in Hz downfield of the lumbar spinal cord of healthy volunteers (Fig. 5). This is

water (compare Fig. 3). probably due to more complex CSF flow pattern, spinal
cord movement, and the smaller dimensions of the tho-
MRS in the Thoracic and Lumbar Spine racic cord. Resulting water line widths using the proposed

In contrast to the cervical spinal cord, sufficient shim shimming, F, determination, and acquisition scheme indi-
convergence could not be reached in the thoracic and cate that inhomogeneity correction is especially difficult

MM & Lac

FIG. 4. Spinal cord MR spectra
(Te = 42 ms, Tg = 2000 ms, 512
averages) acquired in a patient
with an intramedullary tumor at
the C4-C5 level (a) and a patient
with an active demyelinating le-
sion due to multiple sclerosis at
the C6-C7 level (b). Compared to
the average metabolite concen-
trations determined in healthy vol-
unteers a decrease of NAA and
Cre as well as an increase of Cho-
line, ml, and Lac are observable in
the tumor patient (a; Table 1). In
the MS patient a decrease of NAA
and Cre as well as an increase of
Choline and Lac are detected (b;
Table 1). Modulation sidebands
contribute to the MM resonance
at about 1.5 ppm. ECG triggering,
PPR-based OVS, and shimming
as well as Fy determination based
on static magnetic field By map-
ping were applied.



Quantitave MRS Entire Cervical Spinal Cord

Table 1
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Relative metabolite concentrations in the cervical spine of eight healthy volunteers (mean = SD, different levels C1-C2 to C6-C7) and
three Individual patient cases Indicate the diagnostic value of quantitative spinal cord MRS.

NAA/Cre NAA/Cho Cho/Cre ml/Cre Glx/Cre Lac/Cre
Healthy volunteers cervical spine 1.22 = 0.06 49 13 0.27 = 0.08 1.4 =06 2107 X
Tumor C 4/5 1.86 1.9 0.97 12.9 1.9 4.7
Demyelination C 6/7 0.68 1 0.68 0.7 X 0.9
Tumor Th 92 0.47 1.1 0.42 1 2.3 X

aTg = 144 ms instead of 42 ms as for all other measurements.
X = no reliable quantification result.

in the thoracic spinal cord, while shim convergence im-
proves again in the lumbar spine. However, in the thoracic
spinal cord at the T9 level, sufficient shimming (12 Hz
unsuppressed water line width at FWHM) and hence a
quantifiable spectral quality was achieved in a patient
with an intramedullary space-occupying lesion, which
obliterates the adjacent subarachnoid space and hence sig-
nificantly reduces pulsatile CSF flow and movements of
the spinal cord due to its dimensions (Fig. 6). No modu-
lation sidebands obscured the spectrum (29,30). Detected
changes comprise Cho, Glx, and MM increase as well as
NAA decrease.

DISCUSSION

Impact of Methodological Advances on Artifact
Suppression

Inner-volume saturated PRESS (10) using highly selective
T;- and B,-insensitive OVS based on broadband PPR
pulses (12,13) minimizes chemical shift displacement.
Thus lipid contamination and anomalous J-modulation are
diminished. Hence pathologic Lac detection is enabled. In
addition, SNR increase and correct metabolite ratios are
achieved, since inner-volume saturation ensures the same
effective voxel size inside the spinal cord for all metabo-
lites. CSF flow artifacts such as signal cancellation due to
phase fluctuations and ghosting are significantly reduced
by saturating inflowing CSF by OVS slabs above and below
the spectroscopy volume and ensuring precise voxel local-
ization along the border between CSF and neural tissue in
anterior-posterior and left-right direction. Both highly se-
lective, broadband PPR pulses (13) and numerical flip
angle optimization (12) are prerequisites for the use of
inner-volume suppression in spinal cord MR spectros-
copy. A very narrow fractional transition width is required
to avoid suppression of desired signal due to the small
voxel size. Considering the close proximity of CSF, bone,
muscle, and subcutaneous fat tissue, robust simultaneous
suppression of lipid and CSF signal is additionally
needed. The latter requires broadband saturation pulses,
which allow for high gradient strength and therefore a
minimal water-fat shift, as well as T;- and B;-insensitivity
of the OVS, which is enabled by the use of two OVS cycles
and numerical flip angle optimization (12). Disadvantages
of the inner-volume saturation sequence are a slight scan
time prolongation and the occurrence of water modulation
side bands (29,30) due to the prolonged delay between
water suppression pulse and excitation pulse. The former
is unavoidable, since a minimal repetition time of 2000 ms
has to be used to fulfil specific absorption rate restrictions.

On the other hand, this prevents additional SNR loss due
to saturation effects. The latter might be significantly im-
proved using an interleaved VAPOR (variable power RF
pulses with optimized relaxation delays) (31) and OVS
scheme. Alternative approaches are the consideration of
the modulation sidebands during postprocessing and
quantification (29) or the use of two acquisitions with
inverted gradients (30).

High-quality inhomogeneity corrections, and therefore
narrow resonance lines, are crucial to achieve sufficient
SNR and an interpretable spectral quality using small
voxel sizes as required for MRS in the spinal cord. Hence,
reproducible shim convergence is a prerequisite for the
successful use of spinal cord spectroscopy in physiologi-
cal studies or clinical diagnostics. The proposed localized
shimming and F;, determination method based on static
magnetic By mapping fulfils the reproducibility require-
ment. It proves to be superior to iterative shimming and
FASTERMAP in the presence of strong susceptibility dif-
ferences as well as increased flow and motion adjacent to
the volume of interest, as in the case of the spinal cord.
This has also been demonstrated in previous MRI studies
of the myocardium (14). Precise F, determination and cor-
rection relative to the F, of the scout image enables correct
coregistration of the spectroscopy voxel. Hence lipid con-
tamination is avoided and SNR maximized. However, the
acquisition of the cardiac triggered B, map and the offline
determination of shim currents and F, correction values
prolongs the overall scan protocol significantly.

Extended Applicability and Diagnostic Value of Spinal
Cord MRS

The proposed combination of ECG triggering, inner-vol-
ume saturation, and localized shimming and F, determi-
nation improves both the quality and consistency of the
spectra. In contrast to all previous quantitative spinal cord
MRS studies, which were limited to the upper cervical
spine down to the C2-C3 level (2—6), the proposed mea-
surement protocol allows for quantitative analysis of MRS
data from the entire cervical spinal cord even in inhomo-
geneous lesions. To clarify whether metabolite concentra-
tions change along the healthy cervical spinal cord, further
studies including larger groups of volunteers are needed.
The comparison of patient spectra with spectra from
healthy volunteers demonstrates the potential clinical use
of spinal cord spectroscopy. In comparison with corre-
sponding brain lesions, similar trends of metabolite con-
centration changes are detected (27,28), while absolute
concentrations might significantly differ between patholo-
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FIG. 5. Shim quality in healthy volunteers along the spinal cord. Line
width (FWHM) of unsuppressed water at the level of C1-C2 = 8 =
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(N =3),and L1-L.2 = 22 = 3 (N = 3) (mean = SD for N = 3).

gies in brain and spinal cord. However, identification of
pathology specific changes in spectral pattern for disorders
such as demyelination or certain tumors requires studies
with larger patient groups. Earlier MRS studies in spinal
cord lesions of multiple sclerosis and tumor patients either
suffered from poor spectral quality (9) or lack of quantifi-
cation (8).

High-quality MRS data from a patient with a space-
occupying intramedullary tumor in the lower thoracic spi-

Henning et al.

nal cord, which occluded almost the entire spinal canal
and therefore hindered CSF flow, were obtained using
inner-volume saturation and advanced shimming, but no
ECG triggering. This demonstrates that susceptibility prob-
lems introduced by the lung are not of vital importance for
obtaining successful MRS in the thoracic spinal cord.
However, shim convergence in healthy volunteers was
insufficient in this anatomical region. Hence, the source of
artifacts and shim problems in the thoracic cord is most
likely CSF flow induced by respiratory motion. It was
demonstrated by Cooke et al. (2) and our own work that
ECG triggering efficiently compensates for CSF flow and
the resulting movement of the spinal cord induced by
cardiac motion and thus significantly improves shimming
and spectral quality in the cervical spine. According to
Friese et al. (32,33), further caudally in the thoracic and
lumbar spine CSF flow is additionally induced by respira-
tory motion, whereas the influence of cardiac motion is
decreasing. Additional CSF flow compensation using tech-
niques such as respiratory gating, navigator gating, and
volume tracking (34-37) is most likely a prerequisite for
the general extension of spinal cord MRS to the thoracic
spinal cord. Shim convergence improves again in the lum-
bar spinal cord, where CSF flow is significantly decreased
in comparison to cervical and thoracic spinal cord, while
the flow pattern is more complex (15). Examples of inter-
pretable MRS data in the conus medullaris and in patients
with large intramedullary lesions in the lumbar region
occluding the spinal canal have been reported by Dydak et
al. (7) and by Kim et al. (8). However, the small size of the
lumbar spinal cord (although its diameter is larger than the
thoracic cord, it is still smaller than in the cervical region)
and its large degree of freedom with respect to motion
limit the applicability of spinal cord MRS in that area.
Considering the propagation of the pulsatile blood flow
during one cardiac cycle the moment of peak CSF flow
depends on its position along the spinal canal (32,33).
Hence a separate adjustment of the ECG trigger delay de-
pending on the spinal cord level might be necessary (19).
The impact of pulsatile CSF flow might be further reduced
by storing each individual phase cycle separately, which
allows for sorting out spectra with motion artifacts and
averaging only the remaining artifact free, individually
postprocessed spectra, as suggested by Tkac et al. (38).
Furthermore, SNR might be significantly increased by the
use of dedicated spinal cord spectroscopy RF coils (39—
40).

CONCLUSIONS

In conclusion, the proposed combination of ECG trigger-
ing, inner-volume saturation based on a numerically opti-
mized OVS utilizing broadband, highly selective PPR
pulses as well as localized shimming, and F, determina-
tion based on static magnetic field B, mapping, extends the
applicability of quantitative MRS to the entire length of the
cervical spinal cord. In this anatomical region, quantita-
tive metabolic information of the healthy spinal cord as
well as spinal cord lesions can be assessed. Furthermore,
examination of edematous or space-occupying lesions,
which fill the spinal canal thus reducing CSF flow and



Quantitave MRS Entire Cervical Spinal Cord 1257

d W % o -

blw 0 omw - C

FIG. 6. Shim quality at the T9 level in a healthy volunteer (a) and a patient with a space-occupying intramedullary lesion, which occludes
the entire spinal cord canal (b,c). Line width (FWHM) of unsuppressed water in healthy volunteers amounts to 25 = 5 Hz (N = 3), leading
to an undesirable spectral quality. In the patient a much better line width of 12 Hz could be achieved, which enabled the acquisition of a
quantifiable spinal cord MR spectrum at the T9 level (Te = 144 ms, Tg = 2000 ms, 512 averages) (c). Compared to the average metabolite
concentrations determined in healthy volunteers, a decrease of NAA as well as an increase of Choline and Glutamate, is observed (Table
1). No modulation sidebands were detected. Thus the resonance at about 1.5 ppm was tentatively assigned to MM. No ECG triggering was
used. PPR-based OVS as well as iterative shimming and F, determination were applied.

cord movements, are possible along the entire spinal cord, 10. Edden RA, Schir M, Hillis AE, Barker PB. Optimized detection of

including lower thoracic and lumbar segments. lactate at high fields using inner volume saturation. Magn Reson Med
2006;56:912-917.

11. Kreis R. Issues of spectral quality in clinical 'H-magnetic resonance
spectroscopy and a gallery of artifacts. NMR Biomed 2004;17:361-381.
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