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Investigation of Human Cervical and Upper Thoracic
Spinal Cord Motion: Implications for Imaging Spinal
Cord Structure and Function
C.R. Figley1 and P.W. Stroman1–3*
Spinal cord (SC) motion is thought to be the dominant source of
error in current diffusion and spinal functional MRI (fMRI) methods. However, until now, such motion has not been well characterized in three dimensions. While previous studies have predominantly examined motion in the superior/inferior (S/I) direction, the foci of the present study were the anterior/posterior
(A/P) and right/left (R/L) components of human cervical and
upper thoracic SC motion. Cardiac-gated, turbofast low-angle
shot (turbo-FLASH) cinematic MRI was employed at 3T to acquire images of the cord at 24 phases throughout the cardiac
cycle. Time-dependent signal ﬂuctuations within voxels adjacent to the cord/cerebrospinal ﬂuid (CSF) interface were then
used to measure SC motion, which was found to occur predictably as a function of cardiac activity. Cord movement was
largest in the A/P direction, for which principal components of
motion were calculated, thereby indicating consistent patterns
of SC oscillation that can potentially be used to improve SC
imaging. Magn Reson Med 58:185–189, 2007. © 2007 WileyLiss, Inc.
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Functional magnetic resonance imaging (fMRI) and diffusion-tensor imaging (DTI) have made signiﬁcant contributions to our knowledge of human brain function, organization, and pathology (1,2), and have more recently been
implemented in studies of the human spinal cord (SC)
(3– 8). Spinal fMRI was initially adapted from brain fMRI
methods, but has since evolved to deal with the length and
small cross-sectional area of the cord, as well as magnetic
susceptibility effects resulting from its proximity to vertebrae (9 –11). These improvements have permitted more
detailed studies of SC activity in healthy and SC injured
(SCI) populations (12–14), demonstrating the potential
utility of spinal fMRI for both research and clinical applications. DTI has also been applied to the human SC in a
small number of studies, and holds promise for noninvasively analyzing white matter connectivity and integrity
(15). However, the sensitivity of these methods is compro-
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mised due to errors arising from SC motion (11,16 –18),
which has been observed in a number of studies (19 –25)
but has not yet been adequately characterized in terms of
its timing, direction, and magnitude in three dimensions.
The objective of this study is to more fully characterize
cervical and upper thoracic SC motion by measuring it in
the anterior/posterior (A/P) and right/left (R/L) directions
throughout the cardiac cycle.
Early imaging studies of SC motion employed intraoperative ultrasonography, whereby motion was observed
through saline-ﬁlled laminectomies. In this manner, oscillations of the human SC were found to occur consistently
at the cardiac rate (19), and cord motion in a canine model
was found to cease completely upon transection of the
nerve roots and supporting vasculature (20). These experiments suggest that motion of the cord results, at least in
part, from pulsatile arterial blood ﬂow. In contrast, pioneering MRI investigations described motion of the human
brain, cerebrospinal ﬂuid (CSF), and SC under normal
physiological conditions (21,22). Complete characterization of SC motion was not the focus of these studies, and
even though motion was only measured in the superior/
inferior (S/I) direction, the results suggest that momentum
from the cerebral cortex (initiated by myocardial contraction, an arterial pulse wave, and increased cerebral blood
volume) is conserved, resulting in ampliﬁed motion of the
less massive brainstem and SC (21,25).
Physiological motion of the cord is problematic for spinal fMRI and DTI because both methods are rooted in
discerning between small, voxelwise signal intensity
changes while simultaneously striving for optimal spatial
and temporal resolution. SC motion has not been accounted for substantively in most of the spinal fMRI or DTI
studies to date, and though a small amount of motion may
be tolerated, more sophisticated, motion-compensating
methods will be required as future studies attempt to parse
function and structure with increased resolution and sensitivity. Knowing that SC motion (19,20,24) and CSF ﬂow
(21,26) occur synchronously with arterial pulsations
and/or the heartbeat, improvements to spinal DTI and
fMRI have resulted from minimizing motion effects associated with cardiac activity. Cardiac gating during data
acquisition has been shown to reduce errors in DTI (17,18)
and improve the sensitivity of spinal fMRI (27). Also,
improved sensitivity and reproducibility of spinal fMRI
have been observed by including traces of the peripheral
pulse, but not respiratory traces, in a general linear model
(GLM) analysis (11).
The literature to date therefore demonstrates that a more
detailed understanding of cord motion is necessary to
improve the sensitivity and reliability of SC imaging. It is
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expected that this new information will assist DTI and
fMRI in becoming reliable tools for research and clinical
assessment of SC structure and function.
MATERIALS AND METHODS
Test Subjects
Ten healthy volunteers (ﬁve males and ﬁve females) were
included in the study. The subjects ranged in age, weight,
and height from 18 to 30 years (mean: 23 ⫾ 4 years), 54 to
100 kg (mean: 70 ⫾ 13 kg), and 1.57 to 1.91 m (mean:
1.71 ⫾ 0.12 m), respectively. All volunteers were in good
health, had no history of spinal injury, and provided informed consent prior to enrollment in the study. All experimental procedures were reviewed and approved by
the Human Research Ethics Board at Queen’s University.
Data Acquisition
All subjects were imaged while lying supine in a 3T
whole-body MRI system (Magnetom Trio; Siemens, Erlangen, Germany). Uniform RF pulses were transmitted with
a body coil, while a posterior neck coil and the upper
elements of a spine phased-array coil were used as receivers. Initial localizer images were acquired in three planes
to provide a position reference for subsequent imaging.
Examination of A/P SC motion was achieved with a
cardiac-gated, gradient-echo, turbofast low-angle shot (turbo-FLASH) imaging sequence (TE/TR/ﬂip ⫽ 2.03 ms/
44.66 ms/60°, four averages, FOV ⫽ 200 ⫻ 200 mm2,
matrix ⫽ 192 ⫻ 192). Though image data were collected
continuously from a single 3-mm-thick, mid-sagittal slice,
the cinematic imaging (cine) pulse sequence retrospectively gated the data over the course of many peripheral
pulses (2–3 min depending on heart rate). Thus, images
with 1.04 ⫻ 1.04 mm2 in-plane resolution (Fig. 1) were
acquired at 24 phases throughout the cardiac cycle.
The imaging protocol used to measure R/L SC motion
was similar to that employed for A/P motion (described
above), except for slice orientation and positioning. Because the A/P curvature of the SC was quite pronounced in
some subjects, the slice position was selected to span the
midline of the SC over the greatest length possible. The S/I
span was therefore variable across subjects.
Image data were collected over a large number of heartbeats, causing contributions from swallowing, respiration,
or other potential sources of error to be averaged out due to
cardiac asynchrony. Therefore, it is presumed that any
motion observed in the data is periodic with the cardiac
cycle. Also, given that each image was reconstructed from
data acquired over a speciﬁc percentage of the cardiac
cycle, minor ﬂuctuations in intrasubject heart rates
throughout scanning were inherently accounted for, and
motion data were automatically normalized, which allowed the data to be compared and combined across subjects.
Analysis of SC Motion
The image data were analyzed using custom software written in MatLab® (The Mathworks Inc., Natick, MA, USA).
On the ﬁrst image in each series (i.e., the image acquired at

FIG. 1. Image from a single 3.0-mm-thick sagittal slice centered on
the midline of the SC and reconstructed from data at a single phase
of the cardiac cycle. Good contrast between the cord and CSF was
achieved with an in-plane resolution of 1.04 ⫻ 1.04 mm2 over a
200 ⫻ 200 mm2 FOV centered at the level of the C7 vertebra. Using
a cardiac-gated, gradient-echo, turbo-FLASH imaging sequence,
24 such images were obtained at different phases of the cardiac
cycle, enabling measurement of A/P SC motion.

peripheral systole), a seed point was manually selected on
the interface between the cervical SC and CSF. An automated algorithm then tracked inferiorly, identifying voxels
positioned on the cord/CSF interface by analyzing the
signal intensities within a 5 ⫻ 5 voxel grid (Fig. 2), initially
centered at the seed point. The signal intensity of each
voxel indicated the relative proportion of cord and CSF it
contained at a given phase of the cardiac cycle. Within the
grid, voxels containing entirely CSF displayed the highest
signal intensities, while those occupied by SC displayed
the lowest intensities. The intensities were linearly normalized and shifted to values of zero and one, respectively, with intermediate intensities generated by voxels
spanning the cord/CSF boundary. The cord/CSF ratio ﬂuctuated in time within voxels lying along the interface and
demonstrated cord motion with respect to cardiac phase.
Temporal variations were observed in adjacent voxels
across the interface, demonstrating that the cord/CSF
boundary was not a step function. Therefore, it was modeled as a linear ramp function. The subvoxel position of
the cord edge was thus estimated across each S/I row of the
5 ⫻ 5 grid, and was assumed to be linear across this small
span. Points on the interface within the 5 ⫻ 5 grid were
also used to automatically deﬁne the next (inferior) seed
point so that the entire process was repeated along the
cord, resulting in automated subvoxel characterization of
in-plane SC motion.
Cord motion in the A/P direction was characterized
from the second cervical (C2) to the second thoracic (T2)
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FIG. 2. Time-variant signal intensities of voxels in a 5 ⫻ 5 grid
centered at the cord/CSF interface at a single S/I position. The
signal intensities have been normalized to a value of zero within the
CSF and a value of one within the SC. Voxels along the cord/CSF
interface have intermediate values, and the values change in time
with the motion of the SC.

SC segment. The shape and curvature of the subject’s SC
relative to the spinal canal resulted in minor variations in
how far the cord motion data could be analyzed in the
inferior direction. Displacement was measured along the
cord in 3-mm S/I increments; however, to reduce the
amount of graphical data, it was binned into 5-mm segments before the motion of each subject (Fig. 3) was
graphed by combining and averaging motion across all
subjects (N ⫽ 9), those with straight SCs (N ⫽ 5), and those
with curved SCs (N ⫽ 4). Graphs of R/L SC motion were
generated for each subject using a similar procedure before
the data were averaged across all subjects (N ⫽ 6), as well
those with straight (N ⫽ 4) or curved (N ⫽ 2) SCs. However, due to the variability in SC curvature, slightly different S/I sections of cord were analyzed for each subject.
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3) illustrates that the SC moves as a function of the cardiac
cycle, and that this motion varies with S/I cord position.
Similar motion characteristics of adjacent S/I positions
demonstrate the oscillatory pattern of motion along the
cord. In Fig. 3, peak cord displacement (i.e., the largest
displacement of the cord from its position at peripheral
systole) was observed to be 0.44 mm in the anterior direction, a typical value, though slightly lower than the average peak displacement across all nine subjects (0.60 ⫾
0.34 mm, mean ⫾ SD).
In general, the magnitude of A/P motion was lower and
there was less cross-subject variability in the upper cervical SC than in the lower cervical or upper thoracic regions.
An apparent dependence of spinal curvature on the amplitude of cord motion was also noted. On average, the ﬁve
subjects with straight SCs exhibited larger peak A/P motion (0.72 ⫾ 0.33 mm) than the four with curved SCs
(0.46 ⫾ 0.32 mm).
R/L SC Motion
Motion of the cervical and upper thoracic SC was observed
in the R/L direction for six of the 10 volunteers studied,
although the magnitude of this motion was consistently
smaller than that observed in the A/P direction. Two subjects were eliminated due to movement between scans,
and two were eliminated because severe A/P cord curvature made it impossible to acquire adequate midline coronal images of the cord. In most cases the magnitude of R/L
motion was ⱕ0.10 mm, and the average peak displacement
across all six subjects was 0.17 ⫾ 0.09 mm (approximately
1/3 of the average A/P peak displacement).
Analysis of the data grouped according to whether the
spine was curved or straight demonstrated that there was
no signiﬁcant difference in R/L motion between the two
groups. The cross-subject average of peak R/L displacement of the four subjects with straight SCs was found to be
0.17 ⫾ 0.11 mm, compared to 0.16 ⫾ 0.04 mm for the two
subjects with curved SCs.
PCA of SC Motion
After the principal components of SC motion in the A/P
direction were calculated, subsets of these were ﬁt to ex-

Principal Components Analysis (PCA) of A/P SC Motion
Consistent features of A/P SC motion were determined by
compiling all of the motion data (i.e., every S/I position of
every subject) into a single matrix, M, to which a singular
value decomposition (SVD) was applied. This decomposition demonstrates the eigenvectors and eigenvalues of the
covariance matrix of M, and reveals its principal components (28).
RESULTS
A/P SC Motion
A/P motion of the cervical and upper thoracic SC was
observed in all but one subject, whose data were eliminated due to bulk movement during the imaging session.
The timing of the motion was consistent both within and
across subjects, whereas the magnitude of motion varied
between subjects and with the S/I position along the cords
of individual subjects. A plot of typical motion data (Fig.

FIG. 3. Typical A/P SC displacement as a function of S/I cord
position (every 5 mm) and phase of the cardiac cycle in a single
subject. Anterior and posterior displacements are indicated by positive and negative amplitudes, respectively.
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FIG. 4. The ﬁrst three principal components of SC motion in the A/P
direction. These were determined from all measures of the A/P SC
motion, at all S/I locations along the cervical SC, across all subjects.

perimentally measured cord motion data by means of a
GLM approach. It was observed that using the ﬁrst three
principal components (Fig. 4) was sufﬁcient to estimate
the measured motion time courses of all subjects to within
the estimated precision of the data. Therefore, the A/P
cord motion of each volunteer was modeled from a linear
combination of the three principal components, as shown
in Fig. 5a. The difference between the modeled and experimental data from Fig. 3 is plotted in Fig. 5b, where the
maximum residual is 0.09 mm. The correlation between
the estimates and measurements demonstrates the ability
to model A/P SC motion from the ﬁrst three principal
components.
DISCUSSION
In the present study, measurements of SC motion were
based on the effects of tissue signal averaging, allowing for
direct measurement of SC displacement (direction and
magnitude of motion). One theoretical limitation of this
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method is the inability to isolate the three directional
components of motion (S/I, A/P, and R/L). Due to the
shape and composition of the SC, it is possible for motion
in the A/P direction to generate signal intensity changes
that erroneously indicate R/L motion, and vice versa.
However, the observed motion in the A/P direction was
signiﬁcantly larger than the R/L motion for every subject,
indicating that these effects are negligible, and supporting
previous observations (19) that SC oscillations are more
common in the A/P than the R/L direction. The estimated
precision of the results, as indicated by the subtle motion
detected in the R/L direction, is ⱕ0.10 mm.
The magnitude of SC motion was found to vary considerably across subjects in both the A/P and R/L directions,
with some subjects exhibiting little motion in either direction. This is consistent with observations from a study of a
canine model (20), in which motion occurred in only half
of the animals and varied considerably among the others.
In a human study, integration of cord velocity data (from
phase-contrast methods) resulted in an estimated peak
cervical cord displacement of 0.4 – 0.5 mm in the S/I direction (29). Therefore, the present ﬁndings (0.60 ⫾
0.34 mm and 0.17 ⫾ 0.09 mm in the A/P and R/L directions, respectively) establish that magnitudes of A/P SC
motion commonly meet or exceed those of S/I motion, and
suggest that both A/P and S/I motion have signiﬁcant
effects on diffusion and functional MRI methods. Results
from the present study suggest that the magnitude of cord
motion may be correlated with spinal curvature; however,
due to the limited sample size, further investigation is
required to test the signiﬁcance of this correlation.
The effects of S/I cord motion on diffusion imaging in
the SC were recently conﬁrmed (17,18), establishing that
timing of data acquisition is an important factor for SC
DWI and DTI. Empirical data show that the effects of cord
motion can be reduced by acquiring data 400 ms following
the peripheral pulse (17,18), a ﬁnding elucidated by the
present cord motion data. Figure 3 shows that although it
is never static, cord motion is minimal during the interval
spanning 40 – 60% of the cardiac cycle (i.e., 400 – 600 ms

FIG. 5. a: A/P SC displacement, modeled with the three principal components of motion, as a function of S/I cord position (every 5 mm)
and phase of the cardiac cycle (same subject for whom experimental data are shown in Fig. 3). b: Residual between the modeled and
experimental data. The signiﬁcant agreement between the two (the maximum residual in this case is 0.09 mm) indicates that three principal
components are sufﬁcient to model A/P SC motion in relation to cardiac activity.
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following the peripheral pulse, assuming a cardiac rate of
60 beats per minute). Given that diffusion data are thought
to be signiﬁcantly inﬂuenced by S/I SC motion of comparable magnitude (29,17,18), it follows that A/P motion
during the effective diffusion time contributes to signal
reduction, overestimated diffusion coefﬁcients, and misaligned directional anisotropy.
The regular pattern of cord motion and consistent periods of reduced cord velocity relative to cardiac activity
also explain why cardiac-gated acquisitions improve spinal fMRI (27). However, because there is no quiescent
period during which the cord is motionless, cardiac gating
alone is not expected to be fully effective at countering the
effects of SC motion. Another approach has recently
shown that both the sensitivity and reliability of spinal
fMRI data are enhanced by including traces of the peripheral pulse in a GLM analysis (11), demonstrating that cardiac-related motion presents a signiﬁcant source of error in
spinal fMRI. The results of the present study validate that
a large component of this error can be attributed to SC
motion.
CONCLUSIONS
In the current study we observed that the cervical SC
oscillates in a predictable manner relative to the cardiac
cycle. This motion was observed in both the A/P and R/L
directions, although the magnitude varied with S/I cord
position and across subjects. Motion in the A/P direction
is more signiﬁcant than in the R/L direction, and exceeds
previously reported estimates of S/I motion. The three
principal components of average A/P cord motion were
determined, and the SC motion of individuals was successfully modeled. It is expected that implementation of
these principal components in a GLM analysis will enhance the sensitivity and reliability of spinal fMRI, and
potentially improve DTI, angiography, and spectroscopy
of the SC.
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