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Abstract: Objective: To apply and validate the use of electromyogram (EMG) recorded during func-
tional magnetic resonance imaging (fMRI) in patients with movement disorders, to directly relate invol-
untary movements to brain activity. Methods: Eight “familial cortical myoclonic tremor with epilepsy”
(FCMTE) patients, with tremor-like cortical myoclonus and cerebellar Purkinje cell degeneration, and
nine healthy controls performed hand posture and movement in an on/off fashion (block design).
Superfluous movements were quantified as deviations in EMG power, positive and negative, with respect
to the average EMG per session. This measure, “residual EMG” (r-EMG), was derived by Gram-
Schmidt orthogonalization. Activation maps resulting from conventional block regressors and novel
r-EMG regressors were compared. Results: In healthy participants, the block posture regressor identi-
fied mainly cerebellar activity and some activity in other areas belonging to motor circuitry. In FCMTE
patients, no cerebellar activity was seen with the block posture regressor, compatible with cerebellar
Purkinje cell changes in FCMTE. EMG power showed little variation during posture in healthy con-
trols. Therefore, the r-EMG regressor was almost constant and revealed no brain activity as expected.
In contrast, in FCMTE patients the r-EMG posture regressor was highly variable due to continuous
myoclonic jerks. It identified sensorimotor cortical areas, compatible with cortical hyperexcitability in
FCMTE patients. Conclusion: Conventional block regressors can be used to identify neuronal circuitry
associated with a specific motor task, whereas r-EMG regressors can help identify brain activation
directly related to involuntary movements. Simultaneous EMG-fMRI is complementary to conventional
fMRI and will facilitate studies of hyperkinetic movement disorders. Hum Brain Mapp 29:1430-1441,
2008.  ©2007 Wiley-Liss, Inc.
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INTRODUCTION

The origin of hyperkinetic movements like tremor, myo-
clonus, dystonia, and tics is not fully understood. In this
article, it will be argued that a measure derived from elec-
tromyogram (EMG), recorded during functional magnetic
resonance imaging (fMRI), can be used to directly correlate
superfluous movements and blood oxygen level dependent
(BOLD) signal, thus providing insight into the origin of
hyperkinetic movements.

It is well known that fMRI studies can provide informa-
tion on brain activity during (in)voluntary movements. For
the purpose of an event-related design, isolated jerks such
as tics and myoclonic jerks can be marked as events in the
analysis. Until now, continuous hyperkinetic movements,
like action tremor during posture, are commonly investi-
gated with a conventional block (boxcar) design. In a block
design, motor tasks—inducing the involuntary move-
ments—are performed in an on/off fashion. In the analy-
sis, task design is then correlated with BOLD signal.
A limitation of a block design is that resulting brain activa-
tions are indistinguishably related to both the on/off
involuntary movement and the simultaneously performed
motor task. Different paradigms have been designed to
discriminate between brain activation related to involun-
tary movements and task, for instance, comparing active
and passive movements, which usually results in indirect
measures of involuntary movements [Bucher et al., 1997].

To better quantify movement during a motor task, EMG
can be recorded during hyperkinetic movements. The
EMG amplitude can then be related to simultaneously
acquired BOLD signal. However, in action-induced hyper-
kinetic movements, such as in action tremor that is absent
at rest, this measure still incorporates muscle activity
related to task, and is not a sole reflection of hyperkinetic
movements. However, after subtraction of the mean EMG
per session from the raw EMG, the remaining signal (re-
sidual EMG, r-EMG) theoretically represents the waxing
and waning of hyperkinetic movements independent of
the constant motor task [van Rootselaar et al., 2007].

Recently, we described the use of EMG-fMRI in move-
ment studies in healthy controls [van Rootselaar et al.,
2007]. Participants performed voluntary semi-irregular,
flexion—extension movements of the wrist (blocks of slow
(~1 Hz) and fast (~4 Hz) movements). EMG was recorded
from wrist extensor muscles. First of all, it was shown that
EMG amplitude information applied as a single regressor
in an fMRI analysis identified motor circuitry during hand
movements, similar to a block-design based analysis. Sec-
ond, r-EMG was introduced, which quantifies movements

as deviations in EMG power, positive or negative, with
respect to the average EMG per session. r-EMG correlated
well with activity in brain areas known to be involved in
modulation of movement. The same areas were also identi-
fied in a conventional analysis comparing fast and slow
movements. It was concluded that r-EMG is able to iden-
tify brain activation related to movement variability inde-
pendent of a motor task [van Rootselaar et al., 2007].

The next step, and the purpose of this article, is to apply
and validate the use of r-EMG, theoretically representing
the variation in hyperkinetic movement intensity inde-
pendent of motor task, in patients with movement disor-
ders. In previous studies investigating movement in nor-
mal and pathological conditions, EMG acquired during
scanning has mainly been used to ascertain the onset of
movement (timing information) [Liu et al., 2004; Oga et al.,
2002; Richardson et al., 2006; Toma et al., 1999; van Rootse-
laar et al., 2007]. The use of amplitude information from
EMG acquired during fMRI has been reported in a one-
patient study earlier [Richardson et al., 2006]. Richardson
et al. recorded EMG-fMRI in a single patient with cortical
myoclonus and increased corticomuscular coherence and
correlated the EMG power, in a band corresponding with
the increased coherence, with BOLD signal. According to
our knowledge, so far r-EMG has not been used in fMRI
patient studies.

To assess the value of r-EMG in patients with hyperki-
netic movements, in this study a homogenous group of
patients with “familial cortical myoclonic tremor with epi-
lepsy” (FCMTE) was included. This group of patients has
been thoroughly investigated before, resulting in a good
knowledge of the cerebral and cerebellar pathophysiology.
This existing knowledge enables the validation of simulta-
neous EMG-fMRI recordings and analysis, employing
r-EMG, in particular, in patients with a movement disorder.
FCMTE is an autosomal dominantly inherited disorder,
characterized by a continuous fine distal action myoclonus
of known cortical origin [lIkeda et al., 1990; Striano et al.,
2005; van Rootselaar et al., 2005]. Patients with FMCTE
show increased cortical hyperexcitability as represented by
features of cortical reflex myoclonus like a giant cortical
sensory evoked potential (g-SEP) induced by distal nerve
stimulation [van Rootselaar et al., 2005]. Corticomuscular
coherence studies in FCMTE patients point to a pathologi-
cal cortical drive of the tremulous movements originating
in the pre- or primary motor cortical areas [Grosse et al.,
2003; van Rootselaar et al., 2006]. Postmortem investiga-
tions show typical cerebellar Purkinje cell degeneration in
FCMTE patients [van Rootselaar et al.,, 2004]. It has been
speculated that the cerebellar Purkinje cell degeneration
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TABLE I. Familial cortical myoclonic tremor with epilepsy patients

Symptoms Clinical electrophysiology

Age EEG-EMG
Patient (in years) Gender Tremor® GTCS®  seiz fr” AED EEG changes  g-SEP  C-reflex  coherence
FCMTE 1° 19 F 12 - - - - - + nd
FCMTE 2 31 F 20 - - - - + + +
FCMTE 3 33 M 22 - - - - + + +
FCMTE 4 43 M 19 20 + PhB, VPA, CBZ nd nd nd +
FCMTE 5 45 F 38 42 * VPA, CZP not specific + + +
FCMTE 6 46 M 12 31 * VPA, CZP nd nd nd +
FCMTE 7 56 M 30 43 + OCB, CzZP spike-wave - + +
FCMTE 8 59 M 45 52 + VPA, CBZ spike-wave + - +

AED: anti-epileptic drug; C-reflex: cortical reflex, long latency reflex; CBZ: clobazam; CZP: clonazepam; EEG: electroencephalogram;
EMG: electromyogram; F: female; FCMTE: familial cortical myoclonic tremor with epilepsy; g-SEP: giant sensory evoked potential;
GTCS: generalized tonic clonic seizure; M: male; nd: not done; OCB: oxcarbamazepine; PhB: phenobarbital; seiz fr: seizure frequency;
VPA: valproic acid; —: negative/none; *+: good control with AEDs; +: present/few seizures per year on AEDs.

@ Age at onset.
P Left handed.

leads to decreased cortical inhibition and thus to cortical
hyperexcitability, as is described in other diseases charac-
terized by cortical myoclonus of variable etiology [Hunt,
1921; Tijssen et al., 2000]. Based on our earlier studies, we
hypothesize that r-EMG can provide a measure of involun-
tary movements and will allow identification of brain areas
involved in the generation of involuntary muscle activity,
independent of the performed motor task, and will thus
provide information complementary to the results of a
conventional fMRI-only recording and subsequent block
design analysis.

METHODS
Participants

Eight FCMTE patients and nine healthy controls were
investigated. The FCMTE patients belonged to a Dutch ped-
igree, described in detail previously [van Rootselaar et al.,
2002, 2004, 2006]. All patients were affected according to
research criteria; they suffered from distal action myoclonus
(clinically resembling essential tremor) and had a history of
generalized tonic-clonic seizures (GTCS) or features of corti-
cal reflex myoclonus [van Rootselaar et al., 2002]. At rest
the tremulous movements were absent. The clinical charac-
teristics are summarized in Table I. Median age was 44
years (range, 19-59 years) and median disease duration was
12.5 years (range, 7-34 years). All patients, except the three
youngest, used antiepileptic drugs (AEDs; Table I). The
nine healthy participants, five of which were included in
our earlier EMG-fMRI validation study [van Rootselaar
et al., 2007], with no known neurological history, were gen-
der- and age-matched with the FCMTE patients (median
age, 42 years; range, 31-63 years). All participants gave their
informed consent. The study protocol was approved by the
medical-ethical board of the University Medical Centre Gro-
ningen, The Netherlands. Recordings were performed at the
BCN-Neurolmaging Center, Groningen.

Motor Tasks

The test setting and motor tasks are comparable to our
validation study in healthy subjects [van Rootselaar et al.,
2007]. Participants laid supine on the scanner bed and
were instructed to only move their right arm as visually
instructed using slides. The slides were projected on a
screen at the head end of the MRI scanner. Participants
saw the screen via a mirror attached to the head coil, pre-
venting a vision of their own hand or arm. Three tasks
were performed: (1) “rest,” when tremor was clinically
absent; (2) “posture,” maintained extension and pronation
of right arm, hand, and fingers, inducing an action tremor
in the patient group; and (3) “movement,” a self-paced
flexion—extension movement of the right wrist evenly di-
vided in “fast” movement and “slow” movement tasks to
introduce movement frequency variability, keeping the
arm extended with the hand in the vertical plane. In the
“fast” movement task, subjects were instructed to move
their hand as fast as possible while keeping the rest of
their body as still as possible. For the “slow” movement
task, subjects were instructed to complete one flexion—
extension wrist movement within ~1 s. All tasks were
demonstrated and practiced outside the scanner. Each task
block lasted for 30 s and was repeated either five times
(“rest”) or 10 times (“posture” and “movement”) in a semi-
random fashion. Sessions were performed twice by each
participant. A scan is defined as the time required to
image the brain once (3 s, see fMRI analysis below). At the
end of each session, two additional scans were added to
better capture the slow return to baseline of the BOLD
response.

EMG Recordings and Analysis

EMG recordings and analysis have been described in
detail before [van Rootselaar et al., 2007] but this is
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repeated and summarized here for clarity. Commercially
available MR compatible equipment and software was
used (Brain Products GmbH, Munich, Germany). Pairs of
sintered silver/silver-chloride EMG electrodes with cur-
rent-limiting resistors (5 kQ [Lemieux et al.,, 1997]) were
attached, one pair above the right wrist extensor (RE)
muscles, ~5 and 9 cm distal to the right elbow joint, and
another pair above the right first dorsal interosseus (RFDI)
muscle and the metacarpophalangeal joint. The electrode
wires were twisted per pair to minimize the differential
effect of the magnetic field on the EMG leads. A reference
electrode was positioned on the right elbow joint, and a
ground electrode was placed on the left elbow joint
[Lemieux et al., 1997]. The signals were digitized, transmit-
ted via an optical cable to a PC outside the MR room, and
stored at a sampling rate of 5000 Hz. Offline, the data
were corrected for fMRI artifacts [Allen et al., 2000; van
Duinen et al., 2005]. To reduce movement artifacts, bipolar
derivations for each muscle were high-pass filtered at
10 Hz, and rectified to enhance the information on EMG
burst-frequency (tremor) of the signal, thereby recovering
the low frequency EMG content [Myers et al., 2003]. The
artifact induced in the EMG due to echo-planar imaging
(EPI) has a very clear signature in frequency space: its
spectrum has peaks at multiples of the slice frequency. For
the present study, EPI induces spectral peaks at ~16 Hz
and its harmonics (i.e., 32, 48, 64 Hz, etc.). Before artifact
correction, these peaks dominate the spectrum. Successful
correction should result in a typical EMG spectrum, with-
out any visible peaks due to EPL. Therefore, the quality of
the corrected EMG signal was established not only by vis-
ual inspection but also by assessment of the power spec-
trum per task block (30 s) for remaining fMRI artifact
power peaks. Per participant, the EMG channel with the
best artifact correction was selected for further analysis.
Then, frequency extraction from 1 to 250 Hz was applied
to this channel, calculating the average power (square of
spectral amplitude) in this range for each data point in
mV? This yields a signal representing the variation over
time of the EMG power between 1 and 250 Hz. The upper
limit was set at 250 Hz, because there is generally no sig-
nificant EMG power above this value [Basmajian and
Luca, 1985; Lutzenberger et al., 1985]. A smaller frequency
band (e.g., around tremor frequency) was considered, but
the relative power variation in such a band did not show
any differences from the 1- to 250-Hz band in a representa-
tive sample of participants. The data were subsequently
imported into Matlab (version 6.5, The Mathworks, Natick,
MA) and the EMG power was averaged over segments of
3 s, i.e., the time required to acquire one scan. This yielded
an EMG power vector of length 252, with one entry for ev-
ery scan, suitable to use as a regressor in an fMRI analysis.

“Residual EMG” Regressors

In our earlier study, we showed that a conventional
block design analysis and an EMG-based analysis can be

merged, allowing the identification of brain activity specifi-
cally related to movement variation [van Rootselaar et al.,
2007]. For this type of integrated analysis, it is necessary to
mathematically preprocess the EMG regressor according to
a procedure known as “Gram-Schmidt orthogonalization”
[van Rootselaar et al., 2007]. This procedure has also been
used to study correlations between EEG and brain activity
[Feige et al., 2005]. For one specific task the r-EMG vector
-EMGy,q with respect to the corresponding block design
vector blocky,q was calculated as follows:

EMGtask ) bIOthask blOth .

rFEMGrs = EMGus — 4 block,

Here, (-) denotes the inner product of two vectors and
EMGiu is a vector of length 252 with entries equal to the
mean EMG power per scan during task execution and equal
to 0 elsewhere. The entries in block,,s, which is also a vector
of length 252, are equal to 1 for every scan during task exe-
cution and equal to 0 elsewhere (this describes a boxcar
design). The procedure is illustrated in Figure 1. In this
manner, the information that is already present in the block
regressor is subtracted from the EMG regressor, allowing si-
multaneous inclusion of the two into one design. The pre-
processed EMG vector is, for use in the analysis, referred to
as 1-EMG regressor. In nonmathematical terms, the r-EMG
regressor is equal to the additional EMG (positive or nega-
tive) relative to the mean EMG value across the task. Dur-
ing the posture task it represents the waxing and waning of
tremulous movement intensity, and during movement it
represents the variations in EMG power due to changes in
the frequency of movement [van Rootselaar et al., 2007].

Subsequently, the derived r-EMG regressors were con-
volved with the canonical haemodynamical response func-
tion (HRF, identical to the HRF in Statistical Parametric
Mapping 2, SPM2; http://www. filion.ucl.ac.uk/spm;
Wellcome Department of Cognitive Neurology, London
[Friston et al., 1995a]) and then scaled by their respective
standard deviations. Finally, the two original block design
regressors (blockposture and  blockmovement) and the two
derived 1-EMG regressors (r-EMGposture and 7-EMGmovement)
were used together in one fMRI design (see below).

fMRI Recordings and EMG-fMRI Analysis

Functional images were acquired using a 3T Philips
Intera MRI scanner (Best, The Netherlands), using a stand-
ard transmit/receive head coil. The following pulse
sequence parameters were used: Fast Field Echo (FFE) sin-
gle shot EPI; 46 contiguous slices; slice thickness, 3.5 mm;
field of view, 224 X 224 mm>; scanning matrix, 64 X 64;
transverse slice orientation; repetition time (TR) = 3 s;
echo time (TE) = 35 ms; flip angle, 90°; total acquisition
time per session = 12:30 min. In addition, T1-weighted 3D
FFE anatomical images of the entire brain were obtained
with the following pulse sequence parameters: field of
view 256 X 256 mmz; scanning matrix, 256 X 256; 120
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Figure I.

Gram-Schmidt orthogonalization. Block and EMG-derived
regressors for the movement task across one complete session
(12.5 min) in a healthy participant. Horizontal axis: scannumber
(I scan is 3s) time in minutes; vertical axis: regressor (EMG in ar-
bitrary units, a.u.). Gray: movement task intervals. Top: block
design (boxcar type) regressor for movement; the task is per-
formed in an on/off fashion. Middle: Electromyogram (EMG)
regressor for movement. Note that the movement task was
evenly divided in fast (higher EMG power) and slow movement
(lower EMG power). Bottom: Gram—Schmidt orthogonalization of
the EMG regressor with respect to the block design regressor
results in the residual EMG regressor. This is the additional EMG
(positive or negative) relative to the mean EMG power (shown
here before convolution with the canonical haemodynamical
response function and scaling with the standard deviation).

slices; slice thickness, 1 mm; transverse slice orientation;
TE = 4.6 ms; TR = 25 ms; flip angle, 30°.

Single-subject first-level analysis was performed in SPM2.
The functional images were realigned, normalized to stand-
ard brain coordinates (Montreal Neurological Institute
(MNI) standard space, http://www.bic.mni.mcgill.ca/cgi/
icbm_view), and spatially smoothed with an isotropic 8-mm
full-width at half maximum (FWHM) Gaussian kernel. The
actual on- and offsets of movement or posture, as detected
by EMG, were used to temporally correct the block regres-
sors. In our analysis, we applied a well-established method:
statistical parametric mapping (SPM) based on a general
linear model (GLM,; [Friston et al., 1995a,b]). The GLM for a
time-series can be written in matrix notation as

X=G B+e

Here, in the context of fMRI analysis, X is a column vector
of mean corrected values from a single voxel. The columns
of G, the so-called design matrix, model the effects of in-
terest and the effects of no interest [Friston et al., 1995b].
In our case the effects of interest are modeled by both
block and r-EMG regressors, whereas the effects of no

interest, or confounds, are modeled by motion parameters
[Friston et al., 1996]. The column vector  consists of pa-
rameters for the effects modeled by each column of the
design matrix [Friston et al., 1995b].

The effects of interest “block posture” and “block move-
ment” were modeled by a boxcar function and convolved
with the canonical HRF in SPM2. These two block regres-
sors are the first two columns in the design matrix G and
are similar to the regressors in a conventional block
design. We added the two r-EMG regressors, for posture
and movement, to the design matrix G. Estimates for
were derived in single-subject fixed-effects analyses. For
the second level within group and between group compar-
isons, nonparametric permutation tests were performed
since sample size was limited (i.e., the nonparametric
equivalent of a t-test; Statistical non-Parametric Map-
ping toolbox, http://www.sph.umich.edu/ni-stat/SnPM/
[Nichols and Holmes, 2002]). Tests were performed for the
different regressors, i.e., block posture, block movement,
r-EMGpostures and 1-EMGgvement, (1) within groups (512
permutations in controls, 256 permutations in FCMTE
patients), and (2) between groups per task (10,000 permu-
tations). Additionally, since wrist extension—flexion in con-
trols can be considered a simulation of tremulous activity
in FCMTE patients [Bucher et al, 1997], we compared
brain activation resulting from the r-EMGyosture analysis in
FCMTE patients to brain activation resulting from the
-EMG¢ast movement analysis in controls. Permutations were
performed using the pseudo-T maps (10 mm FWHM iso-
tropic Gaussian kernel applied to the standard deviation
map). Within groups, we reported activations for voxels
detected at P < 0.05 (familywise error corrected) when
part of a cluster > 15 voxels. For between group compari-
sons, we reported activations for voxels detected at P <
0.001 (uncorrected) when part of a cluster > 45 voxels.

RESULTS
EMG Accuracy and Artifact Removal

Both the changing magnetic field gradients and the
movement of EMG leads in the magnetic field introduced
major artifacts in the EMG signal. After fMRI artifact cor-
rection [Allen et al.,, 2000], the movement artifacts were
removed by a 10-Hz high-pass filter. We ensured that arti-
fact correction of the EMG signal (Fig. 2) was sufficient by
visual inspection and by verification of the power spec-
trum per 30 s epoch, as explained earlier. A typical exam-
ple of EMG spectra during posture before and after artifact
correction is given in Figure 3. Overall, artifacts were
removed satisfactorily from the recordings of at least one
muscle in all participants.

Task Execution

Spectral analysis (results not shown) showed that “fast”
movement resulted in a frequency of movement of ~4 Hz
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and “slow” movement in a frequency of movement of
~1 Hz. EMG power variations reflected that task execution
was variable within and between tasks, sessions, and par-
ticipants. Deviations in task on- and offsets were identified
with EMG and corrected for in the analysis. Per session,
the mean number of task blocks in which the task onset
was delayed by one scan (3 s) was 4.4 in FCMTE patients
and 3.3 in controls. In two FCMTE patients, delay in onset
was two scans (6 s) on four occasions in total. Differences
between groups were not significant (P = 0.233, two-sam-
ple t-test, equal variances assumed).

EMG-fMRI Analysis, Group Results

Results within groups are presented in Tables II and III.
Differences between patients and controls are presented in
Table IV. Main results are summarized below and illus-
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Figure 2.

Artifact removal from EMG signal. Horizontal axis: time in sec-
onds, vertical axis: potential in millivolts (mV). Sequential fMRI
artifact correction (top — middle) and movement artifact cor-
rection (middle — bottom) on 3 s of EMG acquired during pos-
ture in an FCMTE patient. A: Bipolar extensor EMG before arti-
fact correction. The high frequency artifacts due to fMRI are
clearly visible. The irregularity in the baseline is due to move-
ment. B: The same bipolar EMG signal after fMRI artifact correc-
tion [Allen et al., 2000]. Note the reduction in amplitude. The
remaining sinusoidal signal is the result of movement of the
EMG leads in the magnetic field. The EMG itself is superimposed
on this signal, but of lower amplitude. C: After application of a
10-Hz high-pass filter and rectification of the signal, the EMG
bursts related to the tremulous limb movements during posture
are clearly visible.
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Figure 3.

Power spectrum during posture in an FCMTE patient. Gray:
before artifact correction, black: after artifact correction. Fre-
quency in Hz; power in V2 Notice the peaks at multiples of
the slice frequency (16 Hz) in the spectrum before correction.

trated in Figure 4. MNI coordinates, pseudo-T, and P-val-
ues are given in the tables.

Block regressors

In healthy controls, the block,osure regressor mainly
identified the ipsilateral cerebellum and the contralateral
precentral gyrus. Additional smaller areas of activation
were the supplementary motor area (SMA) and bilateral
frontal areas. The blockyovement regressor was primarily
associated with activation in areas specifically belonging to
motor circuitry known to be involved in hand movement,
i.e., contralateral primary sensorimotor cortex and thala-
mus, ipsilateral cerebellum and SMA. Additionally, the
right superior temporal pole and left pallidum were
activated.

In FCMTE patients, the blockposture Tegressor mainly cor-
related with brain activity in bilateral frontolateral areas
(inferior frontal gyrus pars opercularis, superior temporal
pole, middle frontal gyrus, and insula). Additional minor
activity was observed in the left supramarginal cortex. The
blockmovement Tegressor was primarily associated with acti-
vation in areas specifically belonging to hand motor cir-
cuitry, i.e., contralateral primary sensorimotor cortex and
thalamus, ipsilateral cerebellum and SMA. Additional acti-
vation was seen in ipsilateral frontolateral areas.

r-EMG regressors

In healthy controls the r-EMGposture Tegressor yielded no
significant results, while the r-EMGovement regressor iden-
tified ipsilateral cerebellar activity. In FCMTE patients, the
-EMGposture Tegressor identified bilateral activity of bilat-
eral inferior and right superior parietal cortex. Some addi-
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TABLE Il. Posture, results for block,oscure and FEMG o ¢ure, regressor within groups

Regressor posture Group Voxels, n Area Side Pseudo-T x° y? z?
Block Controls 816 Vermis VI M 8.48 4 —64 -22
- Cerebellum TV,V R 8.46 10 -56 -20
- Cerebellum VI R 6.53 23 —46 -28
436 Precentral gyrus L 717 —34 —26 58
63 SMA M 5.50 2 10 46
27 Frontal sup L 5.84 —28 -8 68
23 Frontal inf, oper R 5.59 58 14 4
17 Temporal pole sup R 5.46 54 16 -8
FCMTE 196 Frontal inf, oper R 7.30 56 10 10
—r Temporal pole sup R 6.75 56 12 —6
22 Frontal mid R 6.08 42 50 20
104 Insula R 6.90 38 20 0
151 Insula L 7.02 —44 10 -8
- Temporal pole sup L 6.62 —56 8 -6
33 Supramarginal L 6.32 —60 —48 26

r-EMG Controls 0 —

FCMTE 135 Parietal inf R 6.71 38 —46 40
115 Parietal inf L 6.06 —42 —44 46
- Parietal sup L 5.97 —46 —46 54
15 Insula L 6.19 —40 14 —4

MNI: Montreal Neurological Institute standard space; CO: controls; FCMTE: familial cortical myoclonic tremor with epilepsy; block:
block regressor; r-EMG: residual EMG regressor; L: left, contralateral; R: right, ipsilateral; M: midline, not confined to one side; cerebel-
lum x: cerebellar hemispheral lobule x ; inf: inferior gyrus; mid: middle gyrus; oper: pars opercularis; SMA: supplementary motor area;
sup: superior gyrus; tri: pars triangularis; vermis x: vermal lobule x.

SMNIL

P Same activated region.

TABLE Ill. Movement, block,,ovement and rEMG,,,qvement, Within groups

Regressor Group Voxels, n Area Side Pseudo-T b v z?
Block Controls 4,969 Cerebellum VI R 13.35 15 -55 —24
—> Cerebellum VI L 7.71 -28 —58 —-26
1,709 Postcentral gyrus L 8.89 —40 —20 48
—> Precentral gyrus L 8.77 =30 =22 70
1,155 Cingulum mid M 8.55 3 7 41
- SMA M 7.32 -2 -2 50
523 Temporal pole sup R 6.97 48 8 =10
895 Pallidum L 9.63 —28 -8 —4
- Thalamus L 744 -16 -20 4
359 Thalamus R 8.70 16 —14 18
FCMTE 981 Cerebellum 1V, V R 10.66 16 -50 -22
- Cerebellum VI R 6.36 34 —54 -30
—P Vermis VII M 6.18 2 —64 —24
916 Parietal sup L 9.25 —42 —42 60
—> Postcentral gyrus L 7.89 —32 -32 56
270 Temporal pole sup L 8.31 —48 10 -10
732 SMA M 8.17 —4 -6 50
—> Cingulum mid M 6.87 2 16 36
65 Postcentral gyrus R 6.68 54 54 22
720 Insula R 7.76 38 12 0
—> Temporal pole sup R 7.63 54 12 -8
—P Frontal inf oper R 7.16 56 10 12
151 Frontal mid R 6.52 32 54 22
—> Frontal inf, tri R 6.47 32 40 16
47 Thalamus L 6.84 —-14 -10 16
r-EMG Controls 293 Vermis VII M 6.81 2 —64 —24
b Cerebellum IV, V R 6.54 10 —54 -18

FCMTE 0 —

MNI: Montreal Neurological Institute standard space; CO: controls; FCMTE: familial cortical myoclonic tremor with epilepsy; block:
block regressor; r-EMG: residual EMG regressor; L: left, contralateral; R: right, ipsilateral; M: midline, not confined to one side; cerebel-
lum x: cerebellar hemispheral lobule x ; inf: inferior gyrus; mid: middle gyrus; oper: pars opercularis; SMA: supplementary motor area;
sup: superior gyrus; tri: pars triangularis; vermis x: vermal lobule x.

SMNIL

P Same activated region.
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TABLE IV. Group comparisons

Task Regressor Comparison Voxels, n Area Side P Uncorrected® X Y z
Posture Block —
r-EMG FC-CO 191 Frontal mid L 0.0003 —40 40 18
— Frontal mid L 0.0007 —40 40 30
— Frontal inf tri L 0.0006 -36 40 10
84 Frontal inf tri R 0.0002 50 40 18
37 Supramarginal L 0.0009 —54 —38 32
Movement Block —
r-EMG FC-CO 209 Precentral L 0.0007 —42 4 40
Posture (FC)/fast r-EMG FC-CO 367 Parietal inf R 0.0001 —38 —42 36
movement (CO) 122 Frontal mid R 0.0000 48 42 20
221 Precentral L 0.0001 —40 6 60
— Frontal mid L 0.0007 -30 0 66
— Precentral L 0.0009 -36 —16 68
224 Parietal inf L 0.0009 —46 —46 52
— Angular L 0.0009 —40 -50 36
207 Precentral L 0.0003 —42 6 42
— Frontal inf oper L 0.0010 —40 4 24
222 SMA L 0.0002 0 0 62
94 Frontal mid L 0.0007 —38 40 18
— Frontal inf tri L 0.0008 —36 40 10
< Frontal inf orb L 0.0003 —-32 38 —4
CO-FC —

MNI: Montreal Neurological Institute standard space; CO: controls; FCMTE: familial cortical myoclonic tremor with epilepsy; block:
block regressor; r-EMG: residual EMG regressor; L: left, contralateral; R: right, ipsilateral; M: midline, not confined to one side; cerebel-
lum x: cerebellar hemispheral lobule x ; inf: inferior gyrus; mid: middle gyrus; oper: pars opercularis; SMA: supplementary motor area;
sup: superior gyrus; tri: pars triangularis; vermis x: vermal lobule x.

A Clusters > 45 voxels.
P MNIL.
“Same activated region.

tional activation was seen in left insula. The r-EMG,ovement
regressor identified no significant brain activity in FCMTE
patients.

Between group differences

Areas of increased brain activity were detected in
FCMTE patients when compared with controls: (mainly)
contralateral frontolateral areas for the r-EMG,osture regres-
sor and contralateral precentral areas for the r-EMG,,ovement
regressor. For the block-regressors, no significant group
differences were found. When comparing r-EMGposture in
FCMTE patients to r-EMGgast movement in controls at P <
0.001 (uncorrected), the right parietal inferior cortex was
more active in patients (Fig. 5). When the same compari-
son was considered at a lower threshold (P < 0.01 (uncor-
rected) for clusters > 90 voxels), the corresponding parietal
area on the left side, SMA, left precentral cortex, and bilat-
eral frontolateral areas were additionally revealed. The
inverse comparison showed no additional activity in
controls compared with FCMTE patients, not even at
the lower threshold. To better understand these results,
we also considered the within-group analysis of
r-EMG¢ast movement 1IN controls at a lower threshold. This
indicated, besides right cerebellar and vermis activity,
additional activity in left precentral and bilateral postcen-
tral areas but none in SMA, bilateral inferior parietal, or
frontolateral areas.

DISCUSSION

The results, in a homogenous group of patients with
tremor of known cortical origin and cerebellar pathology,
indicate that adding regressors derived from EMG
acquired simultaneously with MRI to the fMRI analysis
gives additional information on pathophysiology of hyper-
kinetic movements compared with a solely block-design
based fMRI analysis. r-EMG is, after orthogonalization of
the EMG with respect to the block-design, the deviation in
amplitude over time with respect to the average EMG over
one condition, in one individual. The block- and r-EMG-
regressors are (mathematically) independent and can thus
be incorporated in the same design matrix. The block- and
EMG-derived regressors provide complementary informa-
tion. As will be argued below, the conventional block
regressors mainly point to neuronal circuitry associated
with the motor task, while the r-EMG regressors help to
identify brain activation which is known to be related to
involuntary movements in this group of patients.

Block-Regressors

In healthy controls, both the block,osture and the
blockmovement regressors correlated with activity of the
contralateral primary motor cortex and ipsilateral cerebel-
lum, as expected for motor tasks. This confirms that block
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block posture

Controls FCMTE
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block movement
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r-EMG
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Figure 4.

Block versus EMG-based fMRI analysis,
group results. Activation maps per group
projected on a normalized single-partici-
pant T| image. Controls: n = 9; FCMTE:
n = 8 n = number of participants. Only
main significant activations are illus-
trated. Upper panel: activations maps
resulting from block design regressors.
Left: posture. Top: coronal and trans-
verse sections focused at MNI
(9,—56,—18), cerebellar hemispheral
lobule IV=V; bottom: coronal and trans-
verse sections focused at MNI (52,18,2),
frontal inferior gyrus, pars triangularis.
Right: movement. Top: coronal and
transverse sections focused at MNI
(—32,—30,62), postcentral gyrus; bot-
tom: coronal and transverse sections at
MNI  (9,—56,—18), cerebellar hemi-
spheral lobule IV-V. Only significant acti-
vations have been plotted (posture:
pseudo-T > 5.17 for controls and
pseudo-T > 5.69 for FCMTE; move-
ment: pseudo-T > 5.39 for controls and
pseudo-T > 5.42 for FCMTE). Note the
different color scales. Lower panel: Acti-
vations maps resulting from r-EMG
regressors. Left: posture. Coronal and
transverse sections focused at MNI
(38,—44, —4I), parietal inferior gyrus.
Right: movement. Coronal and trans-
verse sections focused at MNI (9, —56,
—18), cerebellar hemispheral lobule V-
V. Only significant activations have been
plotted (posture: pseudo-T > 5.34 for
controls and pseudo-T > 5.61 for
FCMTE; movement: pseudo-T > 5.48
for controls and pseudo-T > 5.52 for
FCMTE). Note the different color scales.
See Tables Il and Ill for a complete over-
view of all significant activations. [Color
figure can be viewed in the online issue,
which is available at www.interscience.
wiley.com.]

¢ 1438



¢ EMG-fMRI and Involuntary Movement ¢

r-EMG

posture

-38,40,18 48 42,20

(FCMTE) > -EMG

426,42

wementicoNtrols)

fast mov

-46,-46,52

I 5 37

pseudo-T

Figure 5.

Group results for r-EMG posture (FCMTE) > r-EMG fast move-
ment (controls). This contrast compares the tremulous move-
ments in FCMTE patients with simulated tremor in healthy con-
trols applying r-EMG regressors. From left to right slices go
from lower to higher positions in the brain. Coronal and trans-
verse sections are focused at (from left to right): frontal mid (L),
frontal mid (R), parietal inferior (R), precentral (L), parietal infe-

design regressors can identify task-related brain activity
and indicates that recording and processing of EMG does
not disturb the fMRI data acquisition and block analysis.

In FCMTE patients, “posture” induces the distal myo-
clonic movements, which makes the posture task the most
interesting to discuss from a clinical perspective. Group
results for blockyesture did not reveal cerebellar activity in
patients. This is in line with the known cerebellar Purkinje
cell degeneration in FCMTE [van Rootselaar et al., 2004].
Not only pathological studies but also functional studies,
such as eye movements abnormalities, point toward cere-
bellar dysfunction in six of the eight FCMTE patients
included in the current study (unpublished results).
Group-comparison showed no significant differences for
cerebellar activity in patients and controls, probably due to
the small group sizes and large interindividual variability,
especially in the patient group.

The blockmovement Tegressor identified motor circuitry in
FCMTE patients, similar to healthy controls. There were
no significant differences between groups for this regres-
sor, although the cluster size of the cerebellar activity in
the FCMTE patients was about a fifth of that found in the
healthy controls which could again be in line with the cere-
bellar pathology in these patients. There are several explan-
ations for remaining cerebellar activity in these patients
with cerebellar pathology. First, postmortem studies
revealed remaining normal Purkinje cells [van Rootselaar
et al., 2004]. Second, the cerebellum is highly differentiated

rior (L), precentral (L), and SMA activations. Only significant
activations have been plotted at P < 0.001 (uncorrected). Acti-
vation maps are projected on a normalized single-participant T|
image. See Table IV and the text for a detailed description of
these activations. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

with respect to several functions and has a somatotopical
differentiation [Manni and Petrosini, 2004]. “Movement” is
likely to involve more activation or different activation of
diverse cerebellar areas compared with posture, which
would then result in suprathreshold cerebellar fMRI activity
in the group analysis for movement. Previous studies
showed that changes in the frequency of wrist flexion-
extension movements is a cerebellar function [Thach et al,,
1992; van Rootselaar et al., 2007]. Therefore, even in patients
with cerebellar Purkinje cell degeneration, remaining cere-
bellar activity is likely to be found.

These results support the idea that a block regressor
identifies brain areas involved in the performance of a spe-
cific motor task.

r-EMG Regressors

In healthy controls, no significant activations were iden-
tified for r-EMGposture (Fig. 4, Table II). This is not surpris-
ing because, in case posture was performed constantly and
well-timed, 1-EMGpgsture is virtually constant. In healthy
subjects, who are able to perform posture in a steady fash-
ion, indeed only minor deviations were seen in the EMG
with respect to the block-design and the r-EMG regressor
showed little variation and did not correlate significantly
with BOLD signal variations anywhere in the brain.

In FCMTE patients with continuous hyperkinetic move-
ments, T-EMGposiure T€presents the presence and severity
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of the tremor during posture. It needs to be stressed that
the residual EMG regressor is not the EMG signal as
recorded from the muscle. This signal is preprocessed first,
i.e., filtered, rectified, averaged over scans, and orthogonal-
ized. It is thus a reflection of the waxing and waning EMG
signal with respect to the task, ie., the involuntary move-
ments. In FCMTE patients the r-EMGosure T€grEssor corre-
lated mainly with bilateral activity in the (secondary) sen-
sory cortex (Fig. 4, Table II). In FCMTE, it has been specu-
lated that the cortex is the origin of the tremor. This
speculation is supported by electrophysiological findings
like a giant cortical somatosensory evoked potential and
increased corticomuscular coherence [van Rootselaar et al.,
2006]. In cortical myoclonus, hyperexcitability of the senso-
rimotor cortex has been hypothesized to lead to myoclonic
jerks [Hallett et al., 1979]. It can be questioned whether
this activity of the sensory areas is due to increased affer-
ent input. However, bilateral activity of the secondary sen-
sory areas was seen, instead of (mainly) contralateral activ-
ity in the primary sensory cortex—as would be expected
from afferent input.

To further investigate whether hand movements by
themselves would lead to activity of the sensory areas, we
compared r-EMG activation maps of healthy controls per-
forming fast wrist flexion—extension movements with
r-EMG activation maps of FCMTE patients performing
posture. Fast hand movements in controls have previously
been compared with action tremor in an fMRI study of
essential tremor [Bucher et al., 1997]. The cortical tremor
(FCMTE) patients in the present study, however, showed
activity in the parietal inferior gyrus (the secondary sen-
sory cortex) which was absent in controls during fast hand
movement, indicating that this activity is unlikely to be
normal afferent input (Table IV, Fig. 5).

For r-EMGposture, significantly more activity was seen in
the middle frontal gyrus in FCMTE patients compared
with healthy controls (Table IV). This may be in accord-
ance with the known cortical hyperexcitability in this
patient group. Alternatively, this may indicate compensa-
tory activity. Therefore, in patients with continuous tremu-
lous movements, it can be concluded that the r-EMG
regressor correlates with brain areas that, based on our
knowledge of FCMTE and cortical myoclonus in general,
are very likely to be involved in the generation of the
hyperkinetic movements.

These results show that r-EMG regressors can help to
identify brain activation related to involuntary movements,
complementary to brain areas identified by conventional
block design regressors.

CONCLUSIONS

Application of EMG during fMRI and an integrated
EMG-fMRI analysis technique have additional value over
fMRI alone. Recording of muscle activity during scanning
allows the use of an EMG-derived measure of hyperkinetic

movements as a regressor in the fMRI analysis. These
methods, allowing to identify brain activity related to su-
perfluous movements and changes in task performance,
will facilitate future studies of movement disorders.
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