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Abstract
The neurochemical basis of dystonia is unknown. The purpose of this study was to assess the
differences of the inhibitory neurotransmitter, GABA, in the sensorimotor cortex and the basal
ganglia using MR Spectroscopy with optimized GABA sensitivity. 22 patients with focal hand
dystonia and 22 healthy controls were studied. No significant differences in GABA were observed
between groups in either the sensorimotor cortex or in the basal ganglia.

Introduction
Dystonia is characterized by various abnormalities of movement control with multiple
clinically distinct forms1. Abnormalities of neurochemistry of the dystonias are poorly
understood2. Some data indicate that Gamma Amino Butyric Acid (GABA) is an important
agent in the pathogenesis of dystonia. In some animal models there is decreased GABA
receptor binding or decreased parvalbumin-binding GABA neurons4. Physiologically, the
application of bicuculine to the ventral premotor area of awake monkeys performing
volitional tasks produces co-contraction that characterizes dystonia, while application of
GABA produces improvement5, 6. Physiological studies have shown that patients with focal
hand dystonia have reduced surround inhibition7, 8. A multi-voxel in vivo magnetic
resonance spectroscopic (MRS) study of patients with focal hand dystonia indicated that
GABA may be decreased in the motor cortex as well as in the basal ganglia9. Based on these
findings we surmised that a pathophysiological mechanism of dystonia is in the altered
surround inhibition 7, 8 mediated by GABAergic dysfunction that may lead to increased
motor circuit excitability.

The basal ganglia have the richest array of neurotransmitters and receptors of any region of
the brain10. These neurotransmitters include Glutamate, GABA, Acetylcholine, Glycine, 5-
HT and various other neuromodulatory chemicals. The functional role and significance of
these transmitter interactions with regard to different aspects of motor control and loss of
control is far from being understood11. On the other hand, given that no structural or
chemical abnormalities have so far been found, some authorities consider dystonia a neuro-
functional disorder of micro-scale abnormalities of neural connectivity, plasticity and/or
synaptic regulation1.
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Complex clues of neurochemical implications in dystonia physiology exist. For instance,
GABA-potentiating drugs, such as clonazepam and high doses of the GABAB receptor
agonist baclofen, have been reported to exert beneficial effects in idiopathic dystonia15.

Although it is well known that Glutamate is the most abundant excitatory neurotransmitter
in the brain16, that Glutamate and Glutamine are the main precursors of GABA17 has
received scant attention. It is also noteworthy that despite the fact that all neurochemicals
exist in a milieu and interact in the brain at structural and functional levels constantly, no
systematic metabolite profiles have been studied in neurofunctional disorders such as
dystonia.

Our goal was to study GABA levels in the primary sensorimotor cortex and in the basal
ganglia, with the null hypothesis that patients with focal hand dystonia will have similar
GABA levels in these locations compared to the healthy controls. On an exploratory basis,
we also studied Glutamate/Glutamine levels in these selected brain regions, and carried out a
metabolic snapshot of the dystonia brains for multiple neurotransmitters and metabolites all
at once, thus obtaining the first 1H Magnetic Resonance spectroscopic (MRS) neuro-
metabolomic data from patients with primary focal hand dystonia.

NMR
1H NMR spectroscopy deals with signals from carbon-bound, non-exchangeable protons18.
The highest information density in a typical in vivo spectrum is found in the spectral region
of 1–5 ppm, where the aliphatic protons of low molecular weight metabolites can be
quantified with specificity. A detailed accounting of brain metabolites, their NMR properties
and biochemical significance is reviewed elsewhere.18, 19.

GABA protons form a six-spin system: GABA C2 (2.28 ppm), C3 (1.89 ppm), and C4 (3.02
ppm) methylene protons19. All GABA signals are overlapped by more intense signals in
proton spectra even when acquired at 3 T20. It is generally agreed that an accurate
measurement of GABA in vivo is impossible at lower field strengths20, 18, as the routine
detection and robust quantification of GABA in vivo are complicated by the presence of
large co-resonant peaks, including Creatine (3.02 ppm), so-called macromolecule
resonances (3.0 ppm) and homocarnosine, a dipeptide formed from GABA and histidine 19

that is specific for the C4 group of the GABA molecule. In addition, the C3 group is
obscured by NAA and the C2 group by Glutamate and Glutamine. As a result, GABA is
completely obscured at field strengths and spectral resolutions typical of human MRS, and
requires various clever data processing methods even when spectra are obtained at 3T.21, 22

METHODS
We report data from two related single voxel MR spectroscopy studies. Both studies were
approved by the institutional review board of the NINDS, and all subjects gave informed
consent.

Experiment 1: Left sensorimotor cortex
Ten right-handed patients with primary task specific focal hand dystonia affecting the right
hand and 10 healthy right-handed subjects were studied. The mean age ± SD of the patients
was 54 ± 11 years with disease duration of 13 ± 5.6 years. All were being treated with
botulinum neurotoxin type A for variable periods of time, as detailed in the table. All
patients underwent MRS at the end of an injection cycle that varied between 12–14 weeks.
The control group (mean ± SD age of 56 ± 12 years) was matched for age with the patient
group. The mean BMF score of the patient population was 2.95 ± 1.25. The voxel of volume
of interest was placed in such a way that the center of the voxel surrounded the contralateral
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hand knob (on the left hemisphere) in the primary sensorimotor cortex. Identification of the
hand knob was carried out by using standard anatomical landmarks identified on a high-
resolution anatomical image. Anatomical references were aided by the Atlas of
Neuroanatomy 23. The M1 voxel size was (25 ×25 × 30 mm) containing a volume of 18.75
cm3. As an internal reference, we also obtained spectroscopic data from a voxel that was
placed across the primary visual areas (V1). This volume had the same dimensions.

Experiment 2: basal ganglia
Twelve right-handed patients with primary task specific focal hand dystonia of the right
hand and 12 healthy right-handed subjects participated. Mean ± SD age of the patients was
53 ±11 years with disease duration of 14 ± 3.5 years (range 5–16). All were being treated
botulinum neurotoxin type A and underwent MRS at the end of an injection cycle of 12–18
weeks. The control group (mean ± SD age 56 ± 12 years) was matched for age with the
patient group. The mean BMF score of the patient population was 3.25 ± 1.35.

In this experiment, the voxel of volume of interest was placed to encompass the contralateral
(i.e., left) putamen. Identification of the putamen was carried out by using standard
anatomical landmarks identified on a high-resolution anatomical image. Anatomical
references were aided by the Atlas of Neuroanatomy23. This voxel contained a volume of
18.75 cm3, and had dimensions of 25 ×25 × 30 mm.

Both experiments were carried out on a 3 Tesla GE whole body scanner using a transmit and
receive head coil (Medical Advances, Inc., Milwaukee). This scanner is equipped with a
self-shielded gradient set (40 mT/m, slew rate 160 T/m/s). For both experiments in which
we obtained edited spectra, a spectral width of 5000 Hz was acquired on 2048 points (only
1024 are processed, the rest is noise) under first order shimming and outer volume
saturation, at TE of 68 ms. With a repetition time of 1.5 s, the total acquisition duration was
26.08 minutes per voxel for the edited spectra. For the short echo time (30–35 ms) unedited
spectra the number of repetitions averaged were 32, and the acquisition time was 1.18
minutes per voxel. Both these spectra were acquired for each voxel.

We chose the voxel positions relative to the anterior and posterior commissure line, referring
to standard anatomical landmarks identified on the high-resolution anatomical images
compared with an anatomical atlas. First order shimming was performed with the
manufacturer provided sequence, and resulted in a frequency width at half maximum
(FWHM) of 11Hz for NAA. In the PRESS pulse sequence, the center frequency is around
256 Hz at 3T. It is placed between the Cho/Cre and NAA frequencies to reduce the shift of
the NAA voxel relative to the prescribed voxel location.

GABA was measured using an interleaved point resolved spectroscopy (PRESS)-based J-
editing method19, 24. The concentrations of GABA, choline, N-acetyl aspartate (NAA), and
co-edited Glx (i.e., glutamate and glutamine) were expressed in mmol/L (mM) referenced to
concentration of Creatine (Cre). The creatine referencing method has been used and
validated25. Normalization with water produced higher SDs of measurements in our scanner.
The spectroscopy data were processed in two steps. First, the unedited spectra were fitted for
the amplitudes of Choline, Creatine, and NAA. Second, the GABA at 3.0 ppm and co-edited
Glx-2 at around 3.8 ppm were fitted using position and line width information from the fit
on the unedited spectra. The GABA signal was corrected for macromolecule
contaminations26. At experimental conditions optimized for GABA editing, a small fraction
of Glx-2 at 3.8 ppm and Glx-4 at 2.4 ppm were co-edited because of their J-couplings1 to
the Glx-3 signal at 2.1 ppm. The clean co-edited Glx-2 signal was used for measurement of
Glx, as its intensity is proportional to the total concentration of Glx. The GABA signal
closest to the Glx-2 peaks resonates at 3.0 ppm.
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In addition to the J-edited method for GABA and Glx, we present data from our exploratory
acquisition of the short TE spectroscopy. This data set captures the common NMR visible
spectra of the human brain. Data were analyzed with LCModel© 27, with a basis set that is
supplied by the manufacturer of the scanner. The following 20 metabolites were included in
the basis set: Alanine (Ala), aspartate (Asp), glycerophosphorylcholine (GPC),
phosphorylcholine (PCho), Creatine (Cr), phosphocreatine (PCr), GABA, glucose (Glc),
glutamine (Gln), Glu, GSH, myo-inositol (myo-Ins), lactate (Lac), N-acetylaspartate (NAA),
N-acetylaspartylglutamate (NAAG), phosphorylethanolamine (PE), scyllo-inositol (scyllo-
Ins), taurine (Tau), and macromolecules (MM). Criteria for selecting the reliable metabolite
concentrations were based on the Cramer-Rao lower bounds (CRLB), which are estimates of
the %SD of the fit for each metabolite28. Results with a CRLB <17% were included in the
analysis. As such only the following metabolites were included in the statistical model: Cre,
GPC, myo-Inositol, NAA, GPC+PCh, NAA+NAAG, Glu+Gln and some MM fractions.

Results are reported as the mean and standard deviation. In the analysis of GABA/Cre, we
used an ANOVA model and post-hoc comparisons. In the exploratory analysis of metabolite
profiles, to see the group differences we used a linear mixed effects model with an unknown
covariance structure containing different covariance for any pair. As there were significant
interactions for each of the two-voxel locations separately, we examined group differences
per metabolite for each voxel by using two-sample t-tests corrected for multiple
comparisons.

RESULTS
Figure 1 shows a typical set of GABA edited spectra. Assuming relative metabolite
concentrations of the healthy brain, the signal observed near 3.02 ppm in vivo is dominated
by GABA and can be reasonably fit by a doublet where every line is a combination of a
Lorentzian and a Gaussian shape. The shape and location is calculated from the line shape
from the fit to the Creatine, NAA and Choline in the unedited spectrum. Panel 1A is the
intact subspectrum at echo time (TE) = 68 milliseconds. The editing pulse is placed at the
resonance frequency of GABA-3 at 1.9 ppm. Panel 1B shows the outcome of the spectrum
when the GABA editing pulse is applied. The trace in panel 1C shows the edited spectrum.
The large NAA signal at 2.0 ppm is inverted as a result of the NAA peak in the unedited
spectra being subtracted from the edited spectra. The editing pulse zeros out the NAA in the
edited spectra so a negative NAA peak remains in the subtraction spectrum.

There is an incidental detection of the Glx-2 signal at 3.8 ppm and the Glx-4 signal at 2.4
ppm in the edited spectrum, due to their J-coupling to Glx-3 at 2.1 ppm. The co-edited Glx-4
peak partially overlaps with the negative NAA signal. However, the Glx-2 signal at 3.8 ppm
is cleanly co-edited, allowing simultaneous determination of Glx without GABA
contamination. The edited GABA-4 signal is located at 3.0 ppm and was used for
quantification of GABA concentration. The co-edited GABA-2 signal at 2.3 ppm was
overwhelmingly overlapped by the residual Glx-4 signal at 2.4 ppm and the dominant NAA
signal at 2.0 ppm. As seen on the trace, excellent water and outer volume suppression was
achieved.

For edited spectra, we used the standard deviation of measures carried out locally. These
provide a minimal standard deviation for peak amplitude determination. In edited spectra,

1J coupling is the coupling between two nuclear spins due to the influence of bonding electrons on the magnetic field running between
the two nuclei. It arises due to indirect interaction between the two nuclear spins, where the interaction is mediated by the electrons
participating in the bond(s) connecting the nuclei.
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the SD of NAA peak was 1–2%, whereas, for GABA, this was 9%. For unedited spectra that
we report here, we used a 17% cutoff of the Cramer-Rao lower bounds29 for the metabolites.

We found no significant differences of GABA/Cre, or Glx/Cre, in either voxel. However, in
the BG voxel, there was a statistically nonsignificant trend (p<0.059, Student’s t- test) of
about 10% decrement of GABA/Cre in patients compared to controls. This trend was
noticeable when individual spectra were considered. For example, for the GABA/Cre for
contralateral BG was 3.84 ± 0.69 for patients whereas 4.29 ± 0.81 for the controls. For the
ipsilateral (R) BG voxel, GABA/Cre was 3.12±1.56 for the patients and 3.86±0.99 for the
controls. When data were pooled, the mean and SD of GABA/Cre in patients was 3.513 ±
0.259 whereas GABA/Cre for the controls was 4.082 ± 0.206 A similar trend in the opposite
direction was noted when Glx/Cre was pooled. In patients with FHD, the pooled Glx/Cre
was 7.171±2.10, whereas in controls the Glx/Cre was 5.944±0.97. A standard power
analysis (StatMate; GraphPad Software®) choosing α = 0.05 and β = 0.2 (corresponding to a
5% probability of Type I error and 20% probability of Type II error) permits determination
of the size of sample to detect a GABA/Cre change that could have been identified in this
study. Based on the distribution of data with an estimated mean SD of 0.80 for GABA/Cre,
we would have required approximately 80 volunteers in each group to obtain a significant
result using an unpaired t-test. Currently the tests have <20% power. We also sought
statistically significant correlations between disease duration and BMF scores with various
metabolites that were measured in this study and found none. In addition, when we
segmented each of the voxels into white matter and grey matter compartments, and
correlated the neurochemical ratios to these, we found no associations.

Our exploratory analysis of metabolite data (Cre, GPC, myo-Inositol, NAA, GPC+PCh,
NAA+NAAG, Glu+Gln and some MM (MM6) fractions that survived the CRLB cutoff)
from the LCModel analysis failed to reveal any statistically significant differences between
patients and controls for either locations of interest.

DISCUSSION
The aim of this study was to measure various NMR visible neurochemicals in vivo in
patients with primary focal hand dystonia and compare these values to those from healthy
controls. We were interested in the inhibitory neurotransmitter GABA in the two voxels that
included the main neuronal substrates in the control of voluntary motor movements, namely
the pre- and post- Rolandic hand area and the basal ganglia. These sites were selected on the
basis of prior studies that had indicated pathological30, neurophysiological31 and
neurochemical abnormalities in animal models4 of patients with focal hand dystonia. We
wanted to replicate the findings of the only study that has so far reported on GABA levels in
human primary focal hand dystonia9. In that study, authors had used a lower magnetic field
that is now generally considered to be insufficient for measurement of GABA. In addition,
they had used a multivoxel 2D acquisition method, which is also thought to have inferior
sensitivity, and specificity especially for small molecules with multiple peaks and J-coupled
protons19, 18. Due to these technical and theoretical limitations, it is possible that the earlier
results were false positives.

Signals measured with MRS represent the pool of extracellular and intracellular GABA at a
concentration of around 0.5 – 1.4 μm32 and Glutamate, about 5–10 mM33. Even though
measuring neurochemicals at such low concentrations is difficult, performance of our edited
PRESS sequence is comparable to results in the literature25. However, it should be noted
that measurement of GABA is possibly hampered by the macromolecule resonances in the
spectrum. Transverse relaxation times of macromolecules are, however, relatively short (24–
40 ms)34, and the remaining MM resonance at TE of 68 ms is likely to be limited. Therefore,
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in the individual GABA spectrum of a J-edited PRESS acquisition at a TE of 68 ms, the
contribution from the macromolecule signals is minimal as can be seen from an essentially
at baseline. As a by-product of the editing sequence, we have also obtained data for
Glutamate and Glutamine. Glutamate and Glutamine are not fully resolved from each other
in vivo at 3T and are measured as a wide doublet.

With this MRS sequence optimized for GABA detection, we found no statistically
significant changes in GABA (GABA/Cr) in both voxels that we studied when comparing
patients with controls. This finding is contrary to a prior MRS study of patients with FHD,
but fully agrees with the preliminary findings of another study by Meunier et al that used 16
patients with primary focal hand dystonia undergoing MRS, using technical parameters and
analytical methods that were quite similar to ours35. Moreover, we did not find any
differences between patients and controls for either location when we compared Glx ratios
or a number of other common neuro-metabolites.

Our data indicate statistically nonsignificant trends towards reduced GABA/Cre and
increased Glx/Cre ratios in patients with primary FHD. These trends are difficult to interpret
given that they fall within the SD of the measurements (10%). However, given that the study
was powered to detect a 30% difference between the means of the groups based on the
previous study that is available in the literature, the possibility exists that the method was
not sensitive enough to detect a true 10% difference that may actually exist in patients with
FHD. The trend for reduced GABA in the basal ganglia is in the same direction as the
previously reported result9. A main concern that may be raised against these arguments is
the possibility that the individual variability of what can be described as the “dystonic
circuitry” may mask differences in neurochemicals in pooled data. Another way to address
this issue would be to compare the pre-symptomatic concentrations to the post symptomatic.
At this time, given the limitations in clinical predictions, this is not possible. Further
research with higher magnetic fields, better signal detection and line separation, including
measurement of water and macromolecule relaxation times may be necessary to substantiate
this finding. It is also worth considering the fact that difficult as it is to measure a
neurochemical present in the brain at a 1 μM concentration in vivo, this must be especially
difficult in conditions where one expects even smaller concentrations of that substance.
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Figure 1.
A typical set of GABA edited spectra. Panel 1A is the intact subspectrum at echo time (TE)
= 68 milliseconds. The editing pulse is placed at the resonance frequency of GABA-3 at 1.9
ppm as shown in Panel 1B. The outcome of the spectrum when the GABA editing pulse is
applied is shown in the trace in panel 1C. The large NAA signal at 2.0 ppm is inverted as a
result of the NAA peak in the unedited spectra being subtracted from the edited spectra. The
editing pulse zeros out the NAA so a negative NAA peak remains after the subtraction.
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Figure 2.
Model fitting of the spectra obtained from a patient with focal hand dystonia: Panels A–D
depict different steps in the model fit as described in Methods section. Close approximation
of the model and the data can be seen here clearly, as indicated by the small residual. Panel
A depicts the output of the unedited spectrum with the large water peak, and the model fit to
water, in order to remove the water peak. Once this is done panel C shows the standard MR
spectrum without the editing pulse applied with the fit (dotted line) to Cho, Cre, and NAA
and the residual (dot -stripe line). Panels B and D show the spectrum obtained with the
editing pulse, after the subtraction from C, yielding the GABA and Glx peaks and the model
fit with the residual (data -fit from panel D). Panel D is the final output with additional
information, with the model the fit to GABA, Glx and NAA that were measured in arbitrary
units which were later referenced to Cre for our statistical analysis.
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Figure 3.
The voxel placement of the volume used for spectroscopy: 3A contralateral (Left) basal
ganglia mostly containing the putamen, and 3B with the contralateral (Left) sensorimotor
cortex.
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Figure 4.
These graphs demonstrate individual metabolite ratios and the mean of the metabolite ratio
from the healthy volunteers. Panel A and C are for the sensorimotor voxel GABA/Cre and
Glx/Cre ratios. Panel B and D are for the basal ganglia pooled GABA/Cre and Glx/Cre
ratios.
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Table 1

Patient demographics and clinical data for the sensorimotor cortex experiment. BFM is the Burke-Fahn-
Marsden rating scale score; BoNT is botulinum neurotoxin.

Patient Age Disease duration BFM score Time since last BoNT

1 64 17 2 >4y

2 51 8 2 12 wks

3 40 10 6 12 wks

4 63 19 2 > 3y

5 28 3 3 16 wks

6 46 4 3 12 wks

7 60 18 6 > 5 y

8 58 17 6 > 5 y

9 57 16 6 >1 y

10 66 19 4 >1 y

11 47 14 3 >3 y

12 59 12 3 > 6y
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Table 2

Patient demographics and clinical data for the Basal Ganglia experiment. BFM is the Burke-Fahn-Marsden
rating scale score; BoNT is botulinum neurotoxin.

Patient Age Disease duration BFM score Time since last BoNT

1 66 19 3 16 wks

2 46 4 3 12 wks

3 64 17 2 > 4 y

4 59 12 3 13 wks

5 28 3 3 18 wks

6 56 16 2 > 4 y

7 44 12 3 > 20 wks

8 63 19 2 > 3y

9 65 22 3 > 2 y

10 58 14 3 > 12 wks

11 47 14 3 > 3 y

12 57 16 2 > 4 y

Mov Disord. Author manuscript; available in PMC 2011 December 15.


