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An Improved Method for Spinal Functional MRI
With Large Volume Coverage of the Spinal Cord

Patrick W. Stroman, PhD,!2:3* Jennifer Kornelsen, BA,2 and Jane Lawrence, BSc?

Purpose: To develop a spinal functional MRI (fMRI) method
with three-dimensional coverage of a large extent of the
spinal cord with minimal partial volume effects

Materials and Methods: fMRI data of the cervical spinal
cord were obtained at 1.5 T with a single-shot fast spin-
echo imaging method, from thin contiguous sagittal slices
spanning the cord. Thermal stimulation was applied to the
palm of the hand in a block pattern with 15°C for stimula-
tion and 32°C during baseline periods. Prior to analysis, the
image data at each time point were reformatted into three-
dimensional volumes and resliced perfectly transverse to
the spinal cord. Smoothing was applied only in the superi-
or-inferior (S/I) direction across uniform tissue types. Ac-
tive voxels were then identified by means of a correlation to
a model paradigm.

Results: The resulting activity maps demonstrate activity
primarily in ipsilateral sensory areas and in some motor
areas, consistent with the spinal cord neuroanatomy.
These data also demonstrate detail of the subsegmental
organization of the spinal cord, as well as anatomical detail
of the spinous processes and positions of nerve roots.

Conclusion: The spinal fMRI method described enables
large volume coverage of the spinal cord in three dimen-
sions, with reliable and reproducible results.
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FUNCTIONAL MRI (fMRI) of the human spinal cord has
been demonstrated to be effective at demonstrating ar-
eas of neuronal activity in the spinal cord, in response
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to an external stimulus, in both healthy and injured
people (1-7). However, there are several challenges that
must be overcome before this method will be suffi-
ciently practical and reliable for use as a tool for clinical
assessment or for spinal cord research. These chal-
lenges are caused by the flow of cerebrospinal fluid
(CSF) around the cord, the magnetic susceptibility dif-
ferences between the cord and the surrounding bone,
and the relatively small cross-sectional dimensions of
the cord (~16 X 10 mm at the cervical enlargement)
with a large superior-inferior (S/I) extent (~45 cm).
Artifacts arising from CSF flow can be reduced with
flow-compensating gradients, and the motion this im-
parts to the cord has been shown to be a likely source of
error in spinal fMRI results (8), but this has yet to be
fully addressed. The effects of susceptibility gradients
have been overcome by acquiring spinal fMRI data with
proton-density weighted spin-echo imaging methods.
Neuronal-activity related contrast changes arise from
the blood-oxygenation level dependent (BOLD) con-
trast, as well as from signal enhancement by extravas-
cular water protons (SEEP) (4,9). The underlying phys-
iological mechanism that has been proposed for SEEP
is a local change in extravascular water content driven
by changes in perfusion pressure and production of
extracellular fluid (ECF) (4,10,11). Local water content
changes related to cell swelling, and changes in the
extracellular volume, may also contribute because it
has been shown that these processes may play an im-
portant role in neuronal signaling (12-16). The small
cross-sectional dimensions of the cord result in prob-
lems of partial volume effects or a tradeoff with the
extent of the cord that can be imaged. The method that
has been demonstrated to be effective for spinal fMRI
employs transverse slices because this orientation is
superior for distinguishing gray and white matter (less
partial-volume effect) and slices can be positioned to be
aligned with the centers of the vertebral bodies or the
intervertebral discs, where the through-slice field ho-
mogeneity is optimal (2). However, this slice orientation
provides only a limited view of the cord, with low reso-
lution in the rostral-caudal direction. The alternative of
employing sagittal or coronal slices has been employed
(17-20), but the slices acquired have been one-half to
one-fourth of the cord width or depth in order to achieve
an adequate signal-to-noise ratio and the results have
suffered from severe partial volume effects. In the
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present study, we propose that spinal fMRI data can be
acquired with thin contiguous sagittal slices, with
smoothing applied only across consistent tissues to in-
crease the signal-to-noise ratio without incurring par-
tial-volume effects.

Therefore, in this work we describe a new method,
based on sagittal slices, but with several very signifi-
cant differences from the methods previously used by
others (18-20). This new method makes use of a single-
shot fast spin-echo technique to image contiguous sag-
ittal slices of the spinal cord that are as thin as the
hardware will allow, regardless of the signal-to-noise
ratio of the resulting images. The slices are then refor-
matted into a three-dimensional volume, and resliced
perfectly transverse to the spinal cord. Smoothing is
applied only in the rostral-caudal direction across con-
sistent tissue types, and spinal fMRI analysis is applied
to the resultant axial slices as per our usual method
(5,6). The functional maps resulting from this method
are in the form of isotropic voxels spanning a three-
dimensional volume, and can be reformatted into any
desired slice orientation. This permits visualization of
areas of activity in relation to anatomical markers such
as vertebrae, spinous processes, and spinal nerve
roots. Here, we demonstrate the effectiveness and reli-
ability of this new method, and propose that it provides
the practical spinal fMRI tool needed for clinical assess-
ment or research.

Previous spinal fMRI studies employing thermal sen-
sory stimulation of various areas of the hand, forearm,
or leg have demonstrated a consistent pattern of activ-
ity in the corresponding spinal cord segments
(2,3,5,21). Activity is primarily in ipsilateral dorsal ar-
eas and projects to ipsilateral ventral regions, with
some activity also in contralateral ventral areas and
around the central canal (5,6). The magnitude of the
signal intensity changes has also been observed to vary
with the stimulation temperature, including a clear
transition in the response between cold sensation, and
noxious or painful cold, demonstrating the correspon-
dence between the observed signal changes and neuro-
nal activity (5). Recent studies in an animal model (rat)
have demonstrated a close correspondence between ar-
eas of activity identified with spinal fMRI and with di-
rect histological detection of neuronal activity (21). Sig-
nal intensity changes in the cervical spinal cord have
been consistently observed to be 6.4% = 1.3% (mean =
SD) with thermal stimulation of the palm of the hand at
15°C, and 7.0% = 0.9% with 10°C stimulation, in
healthy volunteers (3,4). In the lumbar spinal cord, the
signal intensity changes with 10°C stimulation of the
leg were 6.6% * 0.9% and 7.2% * 1.5%, in healthy and
injured subjects, respectively (5). In order to validate
the new method, we have employed the same stimulus
in the present study in order to elicit the same consis-
tent pattern of response.

MATERIALS AND METHODS

Spinal fMRI studies of seven healthy volunteers were
carried out at 1.5 T in a GE Signa Horizon LX clinical
MR system. In most of the subjects, experiments were
duplicated and a total of 22 sets of spinal fMRI data
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were obtained. Data were acquired with single-shot fast
spin-echo imaging with a 12-cm X 12-cm field of view,
128 X 128 matrix, and an effective echo time of 36
msec. A commercial GE phased-array spine coil was
used for signal reception and a body coil was used for
transmission of spatially uniform radiofrequency (RF)
excitation pulses. K-space data were zero-filled to
256 X 256 prior to reconstruction. Eight contiguous
sagittal slices, each 2.8 mm thick, were selected to span
the cord, requiring a repetition time of approximately
10 seconds. This provided a resolution of 2.8 X 0.9 X
0.9 mm (right-left [R/L] X anterior—posterior [A/P] X
S/1), in the original image data. Thermal stimulation of
the palm of the right hand was applied with a 3-cm X
3-cm thermode with temperature controlled by a Medoc
TSA-II thermal sensory analyzer with input from a per-
sonal computer (PC). This was used to elicit reproduc-
ible activity in the sixth to eighth cervical spinal cord
segments without incurring task-related motion. The
thermode temperature was set to 15°C for stimulation
and 32°C during baseline periods, with the transition
occurring in one TR period (10 seconds). A block design
was used with two stimulation periods of 50-60 sec-
onds duration, interleaved with rest periods of 60-70
seconds. The total acquisition time for each experiment
was 350 seconds, with the spinal cord imaged 35 times
to describe the fMRI time course.

Data were analyzed using custom-made software
written in MatLab (The MathWorks, Natick, MA, USA).
Prior to analysis, a line was drawn manually along the
anterior edge of the spinal cord in a midline sagittal
image taken from the functional data set, and this was
used as a reference for the spinal cord position and
curvature. The sagittal slice data at each time point of
the functional series were combined into a three-di-
mensional volume and linearly interpolated to obtain
cubic voxels 0.5 X 0.5 X 0.5 mm. The volume was then
resliced perfectly transverse to the spinal cord and
smoothing was applied only in the rostral-caudal direc-
tion to be across consistent anatomy. The correlation
between a model paradigm and the signal intensity time
course of each voxel was computed in order to con-
struct a map of correlation T-values. A T-value thresh-
old of 2.0 was chosen to identify voxels as being active,
corresponding to a P-value threshold of 0.05, and were
plotted in color over a grayscale average image of the
volume. An intensity threshold was set manually on the
background image to identify the higher intensity CSF,
and a mask was created to exclude false activations
arising from within the CSF. The volume map demon-
strating the areas of activity was then also reformatted
back into thin sagittal slices for viewing.

The results obtained were normalized to a consistent
size to facilitate comparison between experiments and
across subjects. This was achieved by defining refer-
ence lines on the three-dimensional interpolated data
that resulted from the analysis described above. Refer-
ence lines were drawn manually along the dorsal, ven-
tral, left and right edges of the cord, overlying axial,
sagittal, and coronal slices of the volume data. Approx-
imate boundaries of the spinal cord segments were
identified by means of the positions of dorsal nerve
roots, and the shapes and sizes of the spinous pro-
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Figure 1. Examples of results from seven subjects, showing a single 0.5-mm-thick (interpolated) sagittal slice through the
dorsal and ventral gray matter on the right side of the body. Images are oriented with the rostral direction to the left, and the
dorsal side is toward the bottom of the frames. Voxels with signal intensity time courses that are significantly correlated with the
time course of thermal stimulation are shown in color, overlying the grayscale background. Sensory activity is therefore seen in
the lower half of the spinal cord, whereas motor activity is seen in the upper regions. The same rectangular region of the spinal
cord in each subject, containing the dominant activity, is indicated by the green corner marks. The spinous process of the
seventh cervical vertebra is marked with a green asterisk in each image, and corresponds approximately to the level of the eighth
cervical spinal cord segment. The results shown in these images have not been normalized to consistent dimensions.

cesses, as references. Using these manually-defined
references, the spinal cord image data and the correla-
tion T-value map were normalized by linear interpola-
tion and translation to a cord cross-section of 18 X 30
pixels (A/P X L/R) at each S/I location. Each spinal
cord segment was then normalized to be 30 pixels long.
Activation maps were produced by thresholding the T-
value maps at T = 2 to identify active voxels, which were
labeled in color, overlying the averaged and normalized
reference image data. Image data spanning 210 pixels
in the S/I direction therefore spans spinal cord seg-
ments C4 to T2 with a width of 30 pixels each.

In order to allow a comparison to be made with the
previously employed axial-slice method, the data that
had been resliced into 0.5-mm-thick transverse slices
was averaged across blocks of 15 slices to create a data
set of 7.5-mm-thick transverse slices. The correlation
with the model paradigm was again calculated with this
data and active voxels were identified, with a T-value
threshold of 2.0. The signal intensity time courses of
the active voxels in the spinal cord that would have

been determined with the axial-slice method were thus
determined.

RESULTS

Spinal fMRI data obtained from seven volunteers with
thermal stimulation of the right hand demonstrated
consistent patterns of activity (Fig. 1). The three-dimen-
sional distribution of activity is demonstrated in nor-
malized results in Fig. 2. In the dorsal gray matter
ipsilateral to the stimulus, active regions were observed
at typically three to five locations at the levels of the
fifth, sixth, and seventh cervical vertebrae, correspond-
ing approximately with the sixth, seventh, and eighth
cervical spinal cord segments, respectively. In each ex-
periment, the activity was observed at numerous loca-
tions within each spinal cord segment with small (~2-
mm) spatial extent in the S/I direction. In ventral gray
matter, active areas were also observed and were
slightly offset from those in dorsal regions, and in dor-
sal and ventral gray matter the pattern appeared to



Spinal fMRI With Large Volume Coverage

523

Figure 2. Examples of normalized results selected from three subjects, showing a number of axial slices (left side), and one
sagittal and coronal slice for each subject (as indicated in the top frame). The positions of the axial slices are indicated in the
sagittal and coronal views with green lines, and the positions of the sagittal and coronal slices are indicated in each axial slice.
Axial slices are in radiological orientation with the right side of the bottom toward the left side of the frame, and dorsal is toward
the bottom. Sagittal and coronal slices are oriented with rostral toward the left. Dorsal is toward the bottom in the sagittal slice,
and the right side of the body is toward the top of the coronal slices. The axial slices are in order from rostral to caudal, from left
to right, and demonstrate the alternated pattern of dorsal (sensory) and ventral (motor) activity within a single spinal cord

segment.

alternate along the rostral-caudal direction within a
segment. Activity was observed in both ipsilateral and
contralateral ventral gray matter, each slightly offset in
the S/I direction from the other, as well as being con-
sistently offset (~1-2 mm) from that in dorsal regions.
Activity was more consistently observed in contralateral
ventral regions, however, as compared to that in the
ipsilateral ventral regions. Some contralateral activity
in dorsal gray matter was also observed at locations
that were offset in the S/I direction from that in the
ipsilateral dorsal areas. The spatial relationship be-
tween the ipsilateral and contralateral ventral activity
and the ipsilateral dorsal activity appeared to produce a
repeated pattern at more than one location within each
active spinal cord segment. There were also noticeable
gaps of a few millimeters in width at the approximate
segment boundaries, where activity was not observed.
Some active regions were also observed in ventral gray
matter at higher (fourth to fifth cervical) and lower (first
to second thoracic) spinal cord segments. Representa-
tive examples of results of one experiment from each of
the seven volunteers are shown in Fig. 1. Each figure

shows the activity within an interpolated 0.5-mm-thick
sagittal slice through the right side of the spinal cord,
and demonstrates both the right dorsal and right ven-
tral activity. The images are oriented with dorsal toward
the bottom, and the rostral direction is toward the left
side of the frame, as demonstrated by the appearance of
the spinous processes. The magnitude of the signal
intensity changes in all active regions were observed to
be consistent and averaged 10.0% * 1.0% (mean *=SD)
as shown in Fig. 3. In comparison, the signal intensity
time courses obtained with data reformatted into 7.5-
mm-thick transverse slices demonstrated an average
signal intensity change of 6.3% * 0.5% (mean * SD).

DISCUSSION

The results obtained demonstrate that the spinal fMRI
method we have developed can provide full three-di-
mensional coverage of a 12-cm extent of the cervical
spinal cord, with high sensitivity to neuronal-activity-
related signal changes. Normalized results shown in
Fig. 2 provide examples of the three-dimensional cov-
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Figure 3. Signal intensity time courses of active regions ob-
served in each experiment, plotted in gray. The average time
course and errors bars showing the standard deviation are
plotted in black. The stimulation paradigm is shown in black
at the bottom of the plot.

erage of the cervical spinal cord as any desired trans-
verse, sagittal, and coronal slices can be selected for
displaying functional maps. The detail obtained in the
data is also demonstrated by the surrounding anatom-
ical features such as spinous processes, which can be
clearly identified and used as landmarks for the posi-
tion in the cord.

The pattern of activity observed in the present study
was identical to that observed previously in its R/L and
A/P distribution, but differences were notable in the
S/I distribution as a result of the finer resolution ob-
tained. The sensory dermatomes on the palm of the
hand are known to be innervated from the sixth to the
eighth cervical spinal cord segments, corresponding
with the observed location of activity. There are also
projections to motor areas in the same segment and
adjacent segments, and if a stimulus is of sufficient
type and intensity, a motor reflex to withdraw from the
stimulus can be triggered. However, descending input
from the brain can inhibit the reflex. In the present
study, the volunteers did not move their arms or hands
when the 15°C cold stimulus was applied. Nonetheless,
in this study and previous studies with the same stim-
ulus, motor activity was observed in ventral gray matter
regions and around the central canal. Both the dorsal
and ventral activity was also observed in every experi-
ment to occur at multiple localized regions within a
segment, demonstrating a finer-scale organization at
the subsegmental level. Similar fine-scale structure has
been demonstrated in electrophysiological studies in
rats (22). However, this is the first time this structure
detail has been observed with spinal fMRI. The areas of
ventral activity on the right and left sides were observed
to be consistently offset in the S/I direction from the
dorsal activity as well as being slightly offset from each
other, and the locations of activity in these three areas
(right ventral, left ventral, right dorsal) were repeatedly
observed in the same pattern. Examples of this pattern
are shown in Fig. 2.

Partial volume effects do not appear to be significant
with the 2.8-mm-thick sagittal slices employed for this
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study because very little contamination from CSF flow
is apparent in the results. Such a contribution would be
expected to appear as false positive activations around
the edges of the cord and should be easily recognized.
The effective size of the resolution element (“resel”) (23)
we have obtained with the sagittal-slice method is ap-
proximately 2.8 X 0.9 X 1.8 mm (R/L X A/P X S/I)
because the smoothing was applied only in the S/I
direction across three voxels that were first interpolated
to 0.5 mm across, from an original resolution of 0.9
mm. We therefore approximate that we are mixing sig-
nal across two original voxels (i.e., 1.8 mm). These resel
dimensions are expected to be a closer match to the
dimensions of gray matter functional volumes than
with the axial-slice method (resel size of approximately
0.9 X 0.9 X 7.5 mm). At the same time, the effective
resel volume and signal-to-noise ratio are maintained
at similar values. The interpolation and reslicing ap-
plied prior to analysis does not alter the resolution
obtained in the original image data. The resolution ob-
tained in the A/P and R/L directions was clearly ade-
quate to demonstrate regions of dorsal and ventral gray
matter in the image data. Moreover, partial volume ef-
fects in the S/I direction were notably reduced com-
pared to the method described previously with axial
slices (5,6), as evidenced by the fact that the fractional
signal intensity changes were significantly greater in
the present study. Signal changes averaged 10.0% =
1.0% during stimulation periods with sagittal slices, as
compared to 6.4% = 1.3% under the same stimulation
conditions in previous studies, but with axial slices.
Reformatting the data obtained in the present study
into 7.5-mm axial slices to simulate the data obtained
with the axial-slice method, yielded signal intensity
changes of 6.3% = 0.5%. This is consistent with the
observation that the active regions each span only a few
millimeters in the S/I direction, and so the magnitude
of signal change would have been reduced when aver-
aged over the 7.5-mm-thick axial slices used previ-
ously. This signal change magnitude is much too large
to be attributed to the BOLD effect, and is consistent
with the proposed SEEP contrast mechanism being
dominant in spinal fMRI (4).

The observation of small, localized areas of activity
within the gray matter in each spinal cord segment that
is related to sensory dermatomes being stimulated, the
correspondence of the observed areas of activity with
known neuroanatomy, and the relatively high signal
intensity changes, all demonstrate a high degree of sen-
sitivity with the sagittal-slice method described in the
present study. This method is therefore expected to
provide better sensitivity to neuronal-activity-induced
signal changes than was obtained with the previous
axial-slice method. The sensitivity and reliability of the
sagittal slice method are demonstrated by the consis-
tency of the results obtained, both in repeated experi-
ments with each subject, and across different subjects,
and is demonstrated in Figs. 1 and 4. Figure 4 shows
maps indicating the reproducibility of the results,
which were created at each voxel in the spinal cord by
computing the inverse of the average distance to the
nearest active voxel, after normalizing the results to
consistent dimensions. For example, if at a given voxel
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Figure 4. Maps indicating reproducibility in repeated experiments with each of four selected subjects, with data normalized to
a consistent size and position as described in the text. Colors indicate the inverse of the average distance to the nearest active
voxel in each experiment, spanning from red (lowest distance) through orange to yellow (indicating an average distance of three
pixels). Average distances above three pixels (inverse value of 1/3) are not displayed. Each figure shows one 0.5-mm-thick
sagittal slice through the right side of the spinal cord, one coronal slice through the dorsal region of the cord, and two selected
axial slices. Axial slices are in radiological orientation with the left side of the body on the right side of the image frame. Sagittal
slices are shown with the rostral direction to the left, and dorsal is down. Coronal slices are shown with the rostral direction to
the left, and the right side of the body is toward the top of the frame. The green lines indicate the positions of the intersecting
slices that are shown. Reproducibility was compared across: (top left) two experiments, (top right) two experiments, (bottom left)

five experiments, and (bottom right) four experiments.

the average distance to the nearest active voxel in each
repeated study was three voxel-widths (the voxel width
is 0.5 mm in the normalized data), then that voxel in the
reproducibility map would be assigned a value of 1/3. If
the average distance was zero, meaning that every set of
results being compared showed activity at that location,
then the voxel in the reproducibility map was arbitrarily
assigned a value of 10. Higher values thus indicate the
locations of highly clustered active voxels in repeated
experiments. In comparison, Fig. 1 contains images
demonstrating the distribution of activity in single ex-
periments for each of the seven volunteers studied,
through one selected 0.5-mm-thick sagittal slice
through the right side of the spinal cord. The same
segmental level of the spinal cord is indicated in each
image with green corner marks. Figures 1 and 4 dem-
onstrate highly reproducible areas of activity across
repeated studies in each subject, and also show repro-
ducibility in the pattern and locations of activity across
different subjects. However, it is important to note that
some differences between subjects are to be expected
because the distribution of sensory dermatomes varies
between individuals, and the thermode used for stimu-
lation did not rest within the palm of each volunteer’s
hand in precisely the same way. In repeated experi-
ments for each subiject it is expected that the thermode
position was consistent.

The benefits of carrying out spinal fMRI with thin
sagittal slices, and postprocessing to improve the sig-
nal-to-noise ratio (by means of averaging across consis-
tent tissue types) are the increased spatial coverage of
the spinal cord, greater flexibility in how results can be

displayed, and the improved spatial resolution in the
S/I direction. An added benefit of acquiring data in
sagittal slices to span a continuous three-dimensional
volume is that it is possible to normalize the data to
constant dimensions to facilitate viewing of the results,
and comparison of results within, or across, subjects.
The results shown in Figs. 2 and 4 have been normal-
ized using the method described above and demon-
strate the effectiveness of the method. This is the first
attempt at defining a normalization technique for spinal
cord image data, and more detailed studies are required
to determine the optimum normalization for all situa-
tions.

In conclusion, a new method for spinal fMRI acquisi-
tion with thin sagittal slices, and postprocessing to at-
tain an adequate signal-to-noise ratio, has been dem-
onstrated. Compared to data obtained with axial slices,
this method has been shown to provide at least equal
sensitivity and reliability, with significantly greater res-
olution in the S/I direction, to demonstrate a larger
extent of the spinal cord, and to yield effectively three-
dimensional data. We have also demonstrated the abil-
ity to normalize the spinal fMRI data, and produce con-
sistent R/L and A/P dimensions along the cord length.
Moreover, with the larger volume imaged with sagittal
slices it is possible to identify approximate boundaries
of spinal cord segments based on the shape/size of the
spinous processes and positions of nerve roots. The
sagittal-slice method we have developed for spinal fMRI,
therefore, provides a tool that is practical, and better
suited for routine use for clinical assessment and spi-
nal cord research.
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