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Functional Responses in the Human Spinal Cord
during Willed Motor Actions: Evidence for Side- and
Rate-Dependent Activity
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Although the spinal cord is the output station of the central motor system, little is known about the relationships between its functional
activity and willed movement parameters in humans. We investigated here blood oxygenation level-dependent functional magnetic
resonance imaging (fMRI) signal changes in the cervical spinal cord during a simple finger-to-thumb opposition task in 13 right-handed
volunteers, using a dedicated array of 16 receive-only surface coils on a 3 Tesla MRI system. In a first experiment, we found significant
fMRI signal increases on both sides of the lower cervical spinal cord while subjects performed the motor task at a comfortable pace (~0.5
Hz) using either hand. Both the spatial extent of movement-related clusters and peak signal increases were significantly higher on the side
of the cord ipsilateral to the moving hand than on the contralateral side. Movement-related activity was consistently larger than signal
fluctuations during rest. In a second experiment, we recorded spinal cord responses while the same motor sequence was performed using
the dominant hand at two different rates (~0.5 or 1 Hz). The intensity but not the spatial extent of the response was larger during higher
rates, and it was higher on the ipsilateral side of the cord. Notwithstanding the limited spatial resolving power of the adopted technique,
the present results clearly indicate that the finger movement-related fMRI signals recorded from the spinal cord have a neural origin and
that as a result of recent technological advances, fMRI can be used to obtain novel and quantitative physiological information on the

activity of spinal circuits.
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Introduction

The functional characteristics of spinal neurons involved in reflex
motor responses have been extensively investigated by electro-
physiological experiments in anesthetized animals (for review,
see Baldissera et al., 1981; Jankowska, 1992; Fetz et al., 2000).
More recently, chronic electrophysiological recordings in un-
anesthetized monkeys performing tracking tasks unraveled sev-
eral aspects of the physiological properties of cervical spinal in-
terneurons during the preparation and execution of hand
movements (Maier et al., 1998; Perlmutter et al., 1998; Prut and
Fetz, 1999; Prut and Perlmutter, 2003). As with cortical motor
neurons (for review, see Evarts, 1981), activity in large popula-
tions of spinal interneurons displays a parametric relation to
static torque and to rate of change of torque (Maier et al., 1998).

Received Sept. 8, 2006; revised Feb. 2, 2007; accepted Feb. 23, 2007.
This work was supported by Human Frontier Science Program Grant RGP0013/2004 (C.A.P., P.A.B., 1.T.); G.D.I.
was supported by Pfizer United Kingdom.
*M.M. and G.D.I. contributed equally to this work.
Correspondence should be addressed to Prof. Carlo A. Porro, Department of Biomedical Sciences, University of
Modena and Reggio Emilia, Via Campi 287, 41100 Modena, Italy. E-mail: porro@unimore.it.
DOI:10.1523/JNEUR0SCI.3910-06.2007
Copyright © 2007 Society for Neuroscience  0270-6474/07/274182-09%15.00/0

Unlike cortical cells, they are often active during movement in
opposite directions as well as at rest, and display complex rela-
tionships between their response patterns and the output effects
in target muscles (Fetz et al., 2002).

So far, the activity of the human spinal cord during willed
motor actions has been assessed mainly indirectly; indeed, most
functional imaging studies on the human motor system have
been limited to brain areas. Functional magnetic resonance im-
aging (fMRI) of the spinal cord is limited by severe technical
challenges (Giove et al., 2004; Stroman, 2005); over the last 10
years, however, different groups have demonstrated activity
changes in the cervical spinal cord during upper limb movements
(Yoshizawa et al., 1996; Stroman et al., 1999, 2001; Backes et al.,
2001; Madi et al., 2001; Stroman and Ryner, 2001; Ng et al., 2006)
or in the lumbar spinal cord during lower limb motor tasks (Kor-
nelsen and Stroman 2004), using fMRI.

A quantitative assessment of the spatial extent and intensity of
spinal fMRI activity during unilateral motor tasks and of the
relationship between fMRI signal change in spine and specific
task characteristics has not been fully achieved. Yoshizawa et al.
(1996) found increased fMRI signals in the intermediate and ven-
tral zones of the lower cervical cord gray matter ipsilateral to the
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hand performing the task, during hand opening/closing in four
healthy volunteers. Madi et al. (2001) investigated the fMRI re-
sponses in the spinal cord of four healthy volunteers during an
isometric exercise involving the right biceps muscle (holding a
series of weights from 0.026 to 1.2 kg in a fixed flexed-arm posi-
tion). In three of four subjects, they found increased fMRI signals
during the task at C5-C6 spinal levels, namely the expected ros-
trocaudal site for spinal motoneurons and segmental interneu-
rons controlling the biceps muscle. In an unspecified fraction of
voxels, a linear relationship (either positive or negative) was
found between fMRI signals and exercise intensity.

In the present study, we aimed at investigating quantitatively
the relationships between the side and repetition rate of willed
motor activity and spinal fMRI signal changes. We studied the
spinal activity during a simple finger-to-thumb opposition mo-
tor sequence in healthy volunteers, using a 16-channel spinal coil
array designed for spinal fMRI. Preliminary results have been
published in abstract form (Maieron et al., 2006).

Materials and Methods

Experimental protocol. All of the experiments were performed at the Na-
tional Institutes of Health (NIH) (Bethesda, MD). Thirteen healthy
right-handed volunteers were studied (seven males and six females; age
range, 21-44; mean, 32). All participants gave written informed consent,
and the procedures were approved by the NIH Institutional Review
Board. In a preliminary session outside the scanner room, subjects were
trained to sequentially tap their fingers against the thumb in a fixed order
(index, middle, ring, and little: 2-3-4-5) and to repeat the motor se-
quence (four taps) without interruptions at a frequency of ~0.5 Hz (one
finger tap every 0.5 s) (experiment 1), or at both 0.5 Hz and the maximal
frequency the subject could reach and maintain for 30 s (experiment 2).
Task performance was assessed by evaluating the following three param-
eters: repetition rate, number of errors, and occurrence of mirror move-
ments. Movement rate was defined as the number of complete cycles per
second (i.e., frequency); errors were defined as the number of detectable
pauses in the finger tapping and/or tapping of fingers in any sequence
different from the expected (including consecutive taps of the same fin-
ger); mirror movements were defined as visible tonic contractions or
phasic movements of the hand contralateral to the one the subject was
instructed to move. The subjects were coached to perform the task until
they were comfortable with the desired type and rate of movement.

In experiment 1, we used a within-subject block design paradigm in-
volving three conditions sequentially alternating every 20 s: rest and
finger tapping of the right or left hand alternatively. Eleven volunteers
were required to perform the finger opposition task at a rate of ~0.5 Hz,
which was comfortable for all of them. Four 20 s periods of finger tapping
were acquired for each hand; each period of movement was preceded and
followed by a period of rest. This resulted in a total number of 17 periods
(eight of movement and nine of rest) and a total duration of the experi-
mental run of 340 s. Instructions about the beginning, the end, and the
side of the movement were given visually during the fMRI acquisition.
An additional control fMRI run of the same length was performed in nine
subjects while they were at rest. During this rest run, volunteers were
asked to relax and to keep their hand still; no visual instructions were
given.

Experiment 2 was performed in 12 volunteers, three of which were
different from the ones involved in experiment 1. We used a different
block design paradigm involving three conditions, sequentially alternat-
ing every 30 s: rest and finger tapping of the dominant (right) hand at two
rates, alternating in a fixed order. The decision of exploring different
rates of movements of the dominant hand only was driven by the notion
that the motor performance of the dominant hand is faster, more accu-
rate, and shows less variability than the motor performance of the non-
dominant hand (Swinnen et al., 1996; Wittmann et al., 2001). The “low”
frequency was 0.5 Hz, and the “high” one was the maximal frequency the
subject could reach and maintain without errors during the training
session (typically, 1 Hz). Six periods of finger tapping were acquired for
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each rate, and each period of movement was alternated with 30 s periods
of rest (25 periods; 750 s in total). Instructions about the beginning, the
end, and the repetition rate (low or high) of the movement were given
visually during the fMRI acquisition.

Because volunteers were asked to perform the motor task without
interruption within each period, the total number of taps per period was
higher (approximately twice as large; see Results) in the high- than in the
low-frequency condition. Therefore, we refer to rate-dependent effects,
but the relative contribution of movement frequency coding versus
movement quantity coding (Kim etal., 2005) cannot be determined from
the present experiments.

For both experiments, volunteers were instructed to relax and remain
still, to keep their arms aligned with the sides of the body, and to breath
normally. During each experiment, the movement rate, the number of
errors, and the occurrence of mirror movements were monitored by the
same experimenter inside the scanner room.

fMRI data acquisition. The subjects were lying supine, and neck move-
ments were reduced using head straps. Collection of spinal fMRI data
were performed on a General Electric (Fairfield, CT) 3 Tesla VH/3 MRI
scanner equipped with a home-built scalable digital multichannel MRI
receiver (Bodurka et al., 2004).

A dedicated 16-elements receive-only surface-coils spinal array (spe-
cifically developed in collaboration with Nova Medical, Wakefield, MA)
was used for detecting the MR signal, whereas a transmission body coil
was used for uniform excitation. The coil array is in 4 X 4 receive-
elements arrangement. The spinal array uses 16 ultralow impedance pre-
amplifiers, which provide the first stage of nuclear magnetic resonance
signal amplification as well as excellent individual coil isolation. All 16
signals from individual coils were further amplified, filtered, and fed into
the custom-built MRI digital receiver for data acquisition and recon-
struction (Bodurka et al., 2004).

Shimming was optimized manually by means of an algorithm imple-
mented in the GE software platform, over a volume including the cervical
spinal cord between the fifth cervical vertebra (C5) and the first thoracic
vertebra (T1).

After shimming, structural images (1 mm thick) were acquired in the
sagittal plane, parallel to the longitudinal axis of the spinal canal. The
midline slice, including the center of the cord, was selected and used as a
localizer to enable slice prescription of the functional images. Functional
runs were acquired using blood oxygenation level-dependent (BOLD)-
sensitive, gradient-recalled echo planar imaging (EPI) sequence com-
bined with sensitivity encoding (SENSE) technique (Pruessmann et al.,
1999). EPI imaging parameters were as follows: repetition time (TR),
1000 ms; echo time (TE), 32 ms; SENSE reduction factor in phase encod-
ing direction, 2; rectangular field of view (FOV), 18 X 14 cm; 144 X 112
image matrix, yielding an in-plane voxel size of 1.25 X 1.25 mmy; slice
thickness, 4.5 mm; gap, 0.5 mm. Ten oblique slices approximately per-
pendicular to the longitudinal axis of the spinal cord were positioned
from the seventh cervical vertebra to the center of the fifth cervical ver-
tebra (Fig. 1). The first 20 images were discarded to allow MRI signal to
reach equilibrium. Individual magnitude coils images were recon-
structed and combined (Pruessmann et al., 1999) with custom-made
software in IDL (Research Systems, Boulder, CO). Our dedicated mul-
tichannel and sensitive MRI reception signal setup allowed us to conduct
high-resolution EPI study of the spinal cord. Combination of SENSE
technique with EPI allowed to have high in-plane spatial resolution with
reasonable EPI readout duration (~55 ms). To increase available signal-
to-noise ratio in functional experiments, we chose to have slice thickness
of 4.5 mm. This results in the use of noncubical voxels for fMRI (Hyde et
al,, 2001). Because of the anatomy of the cervical enlargement of the
spinal cord, which is simpler and less variable than that of other CNS
structures (e.g., the cortical surface), we believe that this choice is a not
major concern. Structural images were acquired with the same orienta-
tion using a fast spin-echo sequence (TR, 2000 ms; TE, 68 ms; FOV, 26
cm X 26 cm; 512 X 256 image matrix; slice thickness, 2 mm).

fMRI data analysis. Image analysis was performed on each subject’s
data using FSL (www.fmrib.ox.ac.uk/fsl). An intramodal motion correc-
tion tool based on a linear image registration was used for functional



4184 - ). Neurosci., April 11,2007 - 27(15):4182—-4190

images (Jenkinson et al., 2002). Data from one
participant in experiment 2 were excluded from
the analysis because of excessive motion.

The task timing was convolved with the stan-
dard gamma variate function implemented in
FSL (lag, 6 s; width, 3 s), and the fMRI signal
was then linearly modeled (Worsley and Fris-
ton, 1995) on a voxel-by-voxel basis using a
general linear model (GLM) approach, with lo-
cal autocorrelation correction (Woolrich et al.,
2001). The two explanatory variables of interest
were right-hand and left-hand movements for
experiment 1, low-rate and high-rate move-
ments of the right hand for experiment 2. The
estimated translation and rotation parameters
were added as confounds in the model. Before
statistical analysis, the mean signal value of each
voxel time course was subtracted from that time
course. We performed statistical analysis both
on unfiltered data and following nonlinear
high-pass  temporal filtering (Gaussian-
weighted least-squares straight line fitting, with
a high-pass filter cutoff of 120 s for experiment
1 and 180 s for experiment 2) and low-pass tem-
poral filtering (low-pass filter cutoff of 2.8 s),
with similar results. Maps were thresholded at
p < 0.001.

For each scan of each subject, the spinal cord
was segmented from surrounding tissues, in
analogy with routine preprocessing steps in
brain fMRI studies, by manually drawing bor-
ders of the spinal canal on the first functional
image from each slice. The average number of
all voxels within this spinal volume (including the 10 slices) was 977
(between-subjects range, 617-1409). The spinal region of interest (ROI)
from each slice was then split into two parts, the right and the left sides of
the spinal canal.

For each of the two experimental conditions (right- and left-hand
finger movements in experiment 1; high and low movement rates in
experiment 2), the number of voxels significantly correlated with the task
in each ROI was calculated, thus providing information about the spatial
extent of task-related activity. After a normalization to the 10 s preceding
the movement onset, the mean time course from each voxel population
was extracted and averaged across the corresponding movement periods
(perimovement plots); this provided information about the intensity of
task-related activity. The maximal intensity of activation for each condi-
tion was defined as the average of the 5 s time window including the
highest peak (peak value * 2's).

To empirically estimate the potential contribution of noise to task-
related activity in experiment 1, we compared the signal increases of
clusters identified using the same experimental waveform (namely, a
boxcar function with alternating 20 s “ON” and “OFF” periods) in the
rest run with the signal increases of task-related clusters identified in the
movement run.

Statistical analysis of fMRI signals and cinematic data. Behavioral data
were analyzed by paired ¢ tests. The spatial extent and intensity of signal
changes in the identified clusters were compared using repeated-
measures ANOVA and paired ¢ test, using a commercial software package
for statistical analysis (SPSS, Chicago IL). Within-subjects factors were
the moving hand (right or left) and the side of the cord (ipsilateral or
contralateral to the moving hand) for experiment 1 and side and rate of
movement (high or low) for experiment 2. A value of p < 0.05 was
assumed as the statistical threshold.

Figure 1.

Results

Motor performances

In experiment 1, right-hand finger tapping was performed at an
average rate of 0.6 = 0.4 Hz, and the average number of errors
across the four blocks was 0.7 = 1.4; left-hand finger tapping was
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Slice prescription. Ten oblique slices perpendicular to the longitudinal axis of the spinal cord were positioned from
the seventh cervical vertebra to the center of the fifth cervical vertebra (left). Slice thickness was 4.5 mm. Note the clear contrast
between the spinal cord and the surrounding cerebrospinal fluid, as well as the signal dropout at the disc/bone interface (right).

performed at an average rate of 0.5 = 0.3 Hz, and the average
number of errors across the four blocks was 1.5 * 2.3. The dif-
ference in rate and errors between right- and left-hand move-
ments was not significant (paired ¢ test; p < 0.1). During left-
hand movement only, in two subjects, mirror movements,
consisting of tonic extensions of the fingers of the right hand,
were detected.

In experiment 2, the motor task was executed with the right
hand only. The low-rate finger tapping was performed at an av-
erage rate of 0.5 = 0.1 Hz, and the average number of errors
across the six blocks was 0.03 % 0.08; the high-rate finger tapping
was performed at an average rate of 1 = 0.1 Hz, and the average
number of errors across the six blocks was 0.5 * 0.8. The differ-
ences in rate and errors between the two movement rates were
both significant (paired f test; p < 0.0001 and p < 0.05,
respectively).

Spinal cord activity related to right- or left-hand movements
(experiment 1)
In each volunteer, clusters showing signal increases related to
right or left finger movements were present on both sides of the
cord (both ipsilateral and contralateral to the moving hand) (Fig.
2). The raw time courses of fMRI signals in movement-related
clusters over the whole run are shown in Figure 3, and average
signal changes during the periods of right- or left-hand move-
ment (perimovement plots) are shown in Figure 4 (top). Peak
percentage increases of fMRI signals were significantly higher on
the side of the cord ipsilateral to the moving hand (3.59 * 0.46 vs
2.80 = 0.23%; t = 2.62; p < 0.05) (Fig. 4, bottom). A trend
toward higher increases during movements of the right hand was
also observed (F; o) = 4.68; p < 0.06).

The overall spatial extent was very similar for clusters related
to movements of the right or of left hand [F, 4y = 0.72; not
significant (ns)], being on average 16.3% of all voxels within the
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Right hand Left hand spinal ROI for right-hand movements (range in different sub-
movement movement jects, 9-28%), and 16.3% for left-hand movements (range, 10—
26%). A significant side difference was found, with a larger extent
of clusters in the hemi-spinal cord ipsilateral to the moving hand
(F1,10) = 27.52; p < 0.001) (Fig. 5). Approximately 40% of ipsi-
lateral task-related clusters were also active during movements of
the other hand.

Noise-related clusters identified from fMRI data of the rest
run, using a boxcar waveform mimicking the experimental de-
sign (see Materials and Methods), showed much lower signal
changes than those found in the same volunteers in movement-
related clusters (average signal increases over baseline during the
ON periods, 0.73 = 0.18% vs 2.33 £ 0.39%; t = —3.98; p < 0.01).
The percentage spatial extent (relative to the whole spinal ROI) of
noise-related clusters was also significantly lower than that of
movement-related clusters (6.3 = 0.71% vs 14.8 = 0.95%; t =
—7.77; p < 0.001).

Frequency-dependent activity during right-hand movements
(experiment 2)

Maps of clusters active during movements at the two different
rates are shown in Figure 6, and perimovement plots of fMRI
signals in movement-related clusters are shown in Figure 7.
ANOVA demonstrated a significant effect of movement rate
(F1.10) = 6.06; p < 0.05) and of side (with higher values on the
side of the cord ipsilateral to the moving hand; F(, ;,) = 13.68;
p < 0.01) on the intensity of signal increases. On the ipsilateral
side, fMRI signals related to high movement rates were signifi-
cantly higher than those related to the low movement rates
(F1,10) = 10.51; p < 0.01). A trend toward higher signals during
higher movement rates was found on the contralateral side
(Fi10) = 3.42; p < 0.1).

The overall spatial extent of movement-related clusters was
not significantly different for the two movement rates (F; 1) =
3.09; ns) (Fig. 8). As a group average, >60% of the identified
clusters were active during finger movements at either rate (range
in individual subjects, 18—89%).
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Discussion

To our knowledge, this is the first study providing quantitative
evidence for a relationship between fMRI spinal cord activity and
characteristics of voluntary movements in humans. Notwith-
standing the limitations of the adopted approach (see below), the
present results indicate that the BOLD-fMRI responses recorded
from the cervical enlargement of the spinal cord have a neural
origin and that fMRI can therefore be used to obtain novel phys-
iological information on the activity of spinal circuits.

Side differences in motor-related fMRI spinal signals

We found that, during movement of either hand, the spatial ex-
tent and percentage signal increases of spinal activity were larger

<«

Figure 2.  Experiment 1: spatial distribution of voxels displaying signal changes related to
movements of the right or left hand, in the cervical spinal cord of one representative subject.
Functional MRI maps are superimposed onto anatomical images. Only voxels located in the
spinal ROI, identified after segmenting the spinal canal from surrounding tissues, are shown.
Movement-related clusters were mostly present in the caudalmost slices, which is consistent
with the known location of spinal motor circuits controlling finger movements. Maps are clearly
noisy, thus preventing a detailed anatomical definition of active foci. No or a few active clusters
were found in correspondence to disc/bone interface, because of the signal drop-out occurring
in functional images. R and L, Right and left sides of the body, respectively. A, Anterior, P,
posterior.
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Experiment 1. Time profiles (mean == SEM of data from 11 volunteers) of unfiltered fMRI signals over the course of the experiment, in the two populations of clusters identified by the

GLM analysis as related to movements of the right (blue lines) or left (red lines) hand, respectively. Toimprove readability, means of three consecutive time points are shown. In each side of the cord,

we found clusters related to movements of either hand. a.u., Arbitrary units; L, left; R, right.

in the half of the spinal cord ipsilateral to the moving hand. This
finding confirms and extends the results of Yoshizawa et al.
(1996), who found that fMRI signals in the lower cervical cord
gray matter were greater ipsilateral to the hand opening/closing
than contralateral. In their study, however, changes in the con-
tralateral (left) spinal cord were not significant.

Our observation of increased spinal fMRI signals on the side
of the cord contralateral to the moving hand is intriguing. We
demonstrate that contralateral signal changes are not artifactual,
because they were considerably higher than noise.

To our knowledge, no study has so far described changes in
the activity of primate spinal neurons on the side contralateral to
the moving arm. As mentioned in the Introduction, however, the
functional characteristics of spinal motor-related interneurons
differ in some respects from those of cortical motor cells. For
instance, a large number of spinal interneurons are active at rest
and show bidirectional positive relationships between their firing
rate and developed force (torque), both in the preferred and non-
preferred directions (such as wrist flexion and extension) (Maier
et al., 1998; Prut and Perlmutter, 2003). Therefore, spinal inter-
neurons seem to be ubiquitously active during a variety of move-
ments, including those in which their postspike effects would be
inappropriate (Fetz et al., 2002). This bidirectional behavior of
excitatory interneurons implies that their activity is overridden
by inhibitory mechanisms when their target muscles need to be
inactivated. By the same token, it may be hypothesized that some
interneurons discharge during movements of either (or both)
hands and that their activity is inhibited by corticospinal path-
ways to avoid inappropriate mirror movements. It is also worth
mentioning that neuronal populations responding to ipsilateral
hand movements are present in the primate motor cortex
(Evarts, 1966; Tanji et al., 1987, 1988) and in the human frontal
and parietal cortex (see references in Porro and Corazza, 1999;
Hanakawa et al., 2005).

We hypothesize that neural activity in the spinal cord con-
tralateral to the moving hand is related to excitatory and inhibi-
tory mechanisms involved in anticipatory postural control or in
bimanual coordination (Marsden et al., 1981; Cordo and Nash-
ner, 1982; Aruin and Latash, 1996). It has been recently shown
that in sitting volunteers performing voluntary foot (Baldissera et

al., 2002) or contralateral wrist (Carson et al., 2004) flexions/
extensions, the excitability of corticospinal pathways targeting
the resting wrist muscles is modulated in phase with movements,
whereas the H-reflex and f-waves are depressed markedly during
contraction of homologous muscles of the contralateral forearm
(Hortobagyi et al., 2003; Carson et al., 2004). Moreover, in stand-
ing subjects, overt electromyographic activity in forearm muscles
has been described to accompany movements of the contralateral
forearm (Slijper and Latash, 2000) or ipsilateral foot (Baldissera
and Esposti, 2005). These complex functional changes are prob-
ably a result of highly stereotyped connections, which are there-
fore likely to exert their effects even under conditions in which a
manifest postural intervention is not required, as when subjects
lie supine in the restrained environment of the fMRI scanner.

Rate-dependent changes in fMRI spinal signals

Our results showing movement rate-dependent (or quantity-
dependent) increases in spinal fMRI signals extend to the spinal
cord previous notions obtained by brain imaging techniques in
humans. Rate-dependent increases in the BOLD fMRI signal
changes indicate higher synaptic activity (in our case, either from
increased descending, local circuits or peripheral afferent activ-
ity) and possibly higher discharge frequency (Logothetis et al.,
2001). To our knowledge, movement rate-dependent changes in
the firing patterns of spinal neurons have not been explicitly in-
vestigated in trained monkeys; however, several spinal neurons
show phasic activity associated with the dynamic transition to
new levels of active torque (Maier et al., 1998).

Different movement parameters are known to be encoded in
the discharge of cortical motor neurons of the macaque
(Schwartz, 1992; Ashe and Georgopoulos, 1994; Johnson et al.,
2001), and both rate- and velocity-dependent (Turner et al.,
1998) signal increases have been repeatedly described by func-
tional imaging studies in the human brain motor networks. Rate-
dependent signal increases encompass several cortical areas con-
tralateral to the moving limb that give rise to corticospinal
projections (Jancke et al., 1998; Deiber et al., 1999; Peck et al.,
2001; Riecker et al., 2003; Agnew et al., 2004). However, a recent
event-related fMRI study suggests movement quantity coding,
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Figure4. Movement-related fMRI signal increases (experiment 1). Top, Filtered (mean =+
SEM) time courses of fMRI signal changes from baseline, averaged around the movement (peri-
movement plots), in task-related clustersin the whole spinal cord, and on the right and left sides
of the spinal cord. Bottom, Histograms showing percentage peak signal increases over baseline
(mean == SEM) for clusters related to right- and left-hand movements on the two sides of the
spinal cord. Asterisk indicates significant difference at p << 0.05. contra, Contralateral; ipsi,
ipsilateral; L, left; R, right.

rather than movement frequency coding, in cortical motor-
related areas (Kim et al., 2005).

In the present study, we could not detect changes in the spatial
extent of the fMRI spinal response at higher movement rates.
This finding does not support the hypothesis of the recruitment
of additional spinal populations, and it is in contrast with the
results of several mapping studies in humans, showing rate-
dependent increases in the spatial extent of active clusters in the
contralateral sensorimotor cortex and in other motor-related ar-
eas (Schlaug et al., 1996; Jancke et al., 1998; Deiber et al., 1999;
Agnew et al., 2004). It is indeed possible that our negative results
are the consequence of insufficient sensitivity or spatial resolving
power; however, two alternative explanations need to be men-
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Figure5. Spatial extent of task-related activity in experiment 1. The number of active voxels

whose activity was related to movements of the right or left hand is shown, in the half of the
spinal cord ipsilateral (IPSI) and contralateral (CONTRA) to the moving hand. A significant side
asymmetry of task-related activity was found, with a significantly larger extent in the ipsilateral
half of the spinal cord (right-hand clusters, 88 == 12 vs 66 = 11; paired t = 5.67; p << 0.001;
Left-hand clusters, 93 = 16 vs 79 = 14; paired t = 2.75; p << 0.05).

tioned. First, in most functional imaging studies (but not in the
present work), low-pass spatial filtering is applied, which may
increase the size of the activated regions when the intensity of
task-related signal change is increased. Second, at higher move-
ment rates, additional neuronal aggregates can be recruited to
maintain posture by keeping constant the angle of nearby and
proximal joints; this implies increased activity in cortical and
spinal areas, which are spatially distinct (Schlaug et al., 1996; Peck
et al., 2001). Additional studies comparing spinal and brain ac-
tivity in the same subjects are warranted to clarify this issue.

Limitations of the study
The technical challenges involved with performing functional
MRI on the spinal cord are many (Stroman, 2005, 2006). First,
the spinal cord has a small cross-section and corresponding small
functional volume; its maximum diameter at the cervical level is
at most 12—14 mm. Second, because of its small size and its vicin-
ity to tissues having differing susceptibility (bone and chest cav-
ity), magnetic field inhomogeneities predominate, creating
considerable signal dropout and image distortion in standard
low-resolution EPI data. High-resolution EPI as used in this
study helps to reduce these effects and maintain BOLD sensitivity
as long as available signal-to-noise ratio in experiments is large
enough (Bellgowan et al., 2006). Third, the spinal cord is sur-
rounded by CSF, which pulsates at the heart rate and may result
in spinal cord movements, and it is immediately adjacent to the
chest cavity, which expands and contracts at the rate of respira-
tion; for these reasons, physiological noise in spinal fMRI time
series is generally larger than in the cortex. Spinal cord cardiac-
related movement seems to be the most confounding effect (Stro-
man, 2006). Attempts to reduce this effect with cardiac gating
techniques were inconclusive. Recently, postprocessing correc-
tion techniques (Glover et al., 2000) for cardiac-related and
respiratory-related spinal cord movements were introduced,
however, with modest improvement for cardiac-related motions
(Stroman, 2006). Also, a number of papers have described the
intriguing finding of a relatively strong spin-echo-related signal
change in the spinal cord during activation (Stroman et al., 2001,
2002; Ng et al., 2006), suggesting that the mechanism behind
functional signal changes in spinal cord could have a different
origin (proton density, pure T2, and/or T1 changes) than the
typical BOLD contrast.

In the present study, we achieved enhancement of the signal-
to-noise ratio by using a dedicated MRI hardware, collected
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Figure 7.  Perimovement plots (experiment 2). Low-pass-filtered time courses of fMRI sig-
nals averaged around the movement (perimovement plots) in clusters related to movements of
the right hand at low or high frequency are shown. Note the higher signal changes during
high-frequency movement. Top, Mean signals from the whole cord. Bottom, Mean signals from
each hemicord.

BOLD-sensitive spinal images at high spatial resolution, and ap-
plied correction algorithms to reduce motion-related noise.
However, the spatial resolving power of the adopted technique
was still too coarse to investigate the fine-grain organization of
the spinal cord gray matter. As a result, we quantified only left—
right differences in motor-related activity. It has to be empha-
sized that motor-related interneurons recorded in behaving
monkeys and spinal interneurons receiving cutaneous and pro-
prioceptive input seem to be distributed widely among Rexed’s
laminas (Maier et al., 1998; Willis and Coggeshall, 2005). Given
the simultaneous activation of motor networks and of afferent
proprioceptive and tactile fibers during the finger-tapping task, it
may be hypothesized that increases in spinal activity are wide-
spread in the dorsal and ventral horns.

This hypothesis will be tested in future studies, along with
additional developments in spinal cord imaging and physiologi-
cal noise correction. These will prove useful to relate human

<«

Figure 6.  Spatial distribution of voxels displaying signal changes related to movements of
the right hand at low or high rates, in the cervical spinal cord of one representative subject.
Functional MRI maps are superimposed onto anatomical images. Only voxels located in the
spinal ROI, identified after segmenting the spinal canal from surrounding tissues, are shown.
Conventions are as in Figure 2.
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Figure 8.  Spatial extent of task-related activity in experiment 2. Number of voxels in the
ipsilateral side of the cord, related to low-frequency (~0.5 Hz) and high-frequency (~1 Hz)
movements. The overall number of movement-related voxels was not significantly different for
the two repetition rates.

spinal cord data to those obtained from animal models, to study
spinal cord motor function under physiological and pathophys-
iological conditions, and to investigate the relationships between
the activity of the spinal cord and brain structures involved in
motor control.
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