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Diffusion Tensor MR Imaging in Chronic Spinal
Cord Injury

BACKGROUND AND PURPOSE: Diffusion tensor MR imaging is emerging as an important tool for
displaying anatomic changes in the brain after injury or disease but has been less widely applied to
disorders of the spinal cord. The aim of this study was to characterize the diffusion properties of the
entire human spinal cord in vivo during the chronic stages of spinal cord injury (SCI). These data provide
insight into the structural changes that occur as a result of long-term recovery from spinal trauma.

MATERIALS AND METHODS: Thirteen neurologically intact subjects and 10 subjects with chronic SCI
(>4 years postinjury) were enrolled in this study. A single-shot twice-refocused spin-echo diffusion-
weighted echo-planar imaging pulse sequence was used to obtain axial images throughout the entire
spinal cord (C1-L1) in <60 minutes.

RESULTS: Despite heterogeneity in SCI lesion severity and location, diffusion characteristics of the
chronic lesion were significantly elevated compared with those of uninjured controls. Fractional
anisotropy was significantly lower at the chronic lesion and appeared dependent on the completeness
of the injury. Conversely, mean diffusivity measurements in the upper cervical spinal cord in subjects
with SCI were significantly lower than those in controls. These trends suggest that the entire neuraxis
may be affected by long-term recovery from spinal trauma.

CONCLUSION: These results suggest that diffusion tensor imaging may be useful in the assessment

of SCI recovery.

Diffusion tensor imaging (DTI) has been successfully
used to characterize structural changes in neural tissue
after spinal artery stroke,' multiple sclerosis,>® cervical
spondylotic myelopathy,* spinal cord compression,” and
acute spinal cord injury (SCI)®’; however, DTI has not
been used to explore the long-term changes in spinal cord
structure known to accompany chronic SCL.*' The pur-
pose of this study was to characterize the diffusion values of
the entire spinal cord in humans with chronic SCI (>4
years postinjury) by using a clinically available pulse se-
quence and comparing these data with normative DTI
characteristics reported previously.'? On the basis of previ-
ous work,"® we hypothesized that diffusion characteristics
would be significantly altered throughout the entire length
of the spinal cord.

DTI research in SCI largely involves the use of experimen-
tal animal models to examine changes in diffusivity that ac-
company the early stages of injury. These studies have sug-
gested overall diffusivity increases and diffusion anisotropy
decreases near the injury site'*'® due to axonal damage and/or
vasogenic edema.'®> Although a few studies have been con-
ducted with human spinal cord pathologies,*”'” they have
also demonstrated an increase in diffusivity and a decrease in
diffusion anisotropy.

DTI may be useful for identifying the characteristics of
chronic SCI, because structural changes in the spinal cord dur-
ing the chronic stages may differ from the normal spinal cord
and the spinal cord in acute stages of injury. For example,
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extensive longitudinal spreading of lesions in the late stages of
injury creates widespread changes in the spinal cord morphol-
ogy, including cyst formation and necrosis.?® Changes in dif-
fusivity associated with these structural alterations may make
it possible to identify the rostral and caudal extent of a spinal
lesion by using DTI. Many therapeutic interventions for reha-
bilitation after SCI, including functional electric stimulation®'
and gait training,** rely on intact spinal motoneurons below
thelevel of the lesion. Incomplete injury in segments below the
injury may be particularly difficult to identify by using physi-
cal or electrophysiologic measurements because sensory and
motor function is often reduced or absent below the level of
injury. Thus, DTI provides an opportunity to assess the integ-
rity of the spinal cord.

DTI might also be sensitive to changes in the structure of
the spinal cord tissue in regions distant from the spinal
lesion in chronic injury. Although the chronic stages of SCI
are typically considered stable,>** progressive demyelina-
tion in chronic SCI has been documented,®!° and remyeli-
nation, when it occurs, can result in significantly decreased
myelin sheath thickness®**” and preferential loss of large-
diameter axons.*® Also, considerable atrophy of the spinal
cord occurs in the late stages of SCI, causing the remaining
axons to be compressed and tightly packed.'' These
changes could increase the attenuation of diffusion barri-
ers, which would be consistent with the decrease in mean
diffusivity recently reported in the upper cervical spinal
cord rostral to the injury in a small number of subjects with
chronic SCIL."?

Thus, the primary aim of this study was to characterize the
diffusion properties across the entire spinal cord (C1-L1 ver-
tebral levels) in humans with chronic SCI by using a clinically
available DTI pulse sequence. We then compared these data
with diffusion characteristics from a previously published
young neurologically intact sample.'*



Table 1: Subjects with chronic SCI

No. ASIA Injury Completeness
S1 C7-T1 Complete
S2 T2 Incomplete
S3 C5-C7 Incomplete
S4 C5 Complete
S5 T12 Incomplete
S6 C5-C6 Incomplete
S7 T4-T Complete
S8 C5-C7 Complete
S9 T6 Incomplete
S10 C5-C6 Incomplete

Note:—SCl indicates spinal cord injury; ASIA, American Spinal Injury Association.
Materials and Methods

Subjects

Thirteen neurologically intact subjects (age range, 19—40 years; me-
dian age, 25 years) and 10 subjects with chronic SCI (age range, 25— 67
years; median age, 37 years) having an injury for >4 years participated
in this study. Control subjects had no history of neurologic illness,
and all subjects except 1 were free of medical implants. One subject
with SCI, S9, had vertebral fixation, which substantially lowered im-
age quality; thus, only measurements above the lesion site were used.
The neurologic level of injury was determined by the American Spinal
Injury Association (ASIA) scale (availableat: http://www.asiaspinalinjury.
org/publications/2006_Classif_worksheet.pdf), which was used as the
basis for defining the lesion site and completeness of injury (complete
versus incomplete SCI). Table 1 shows the characteristics of the subjects
with chronic SCI. The neurologically intact population used for compar-
ison was from a previous publication.'* Although subjects with SCI were
not age-matched and our control population was relatively young, the
magnitude of diffusion and anisotropy differences due to age variation
was expected to be minimal* compared with changes as a result of SCL.
The possible effects of subject age are addressed in more detail within the
“Discussion” section. All procedures complied with the principles of the
Declaration of Helsinki and were approved by the Institutional Review
Boards of Marquette University and the Medical College of Wisconsin.

MR Imaging

The imaging procedures were similar to those described previously
for imaging the spinal cord in uninjured controls.'? Briefly, DTT was
performed axially throughout the entire spinal cord (C1-L1) by using
a clinically available single-shot twice-refocused spin-echo echo-pla-
nar (EPI) pulse sequence.?® This particular pulse sequence has been
shown to improve image quality significantly and reduce susceptibil-
ity distortions.?® A CTL Spine Coil (GE Healthcare, Milwaukee, Wis)
with an anterior neck coil attachment and a 1.5T clinical MR imaging
scanner (Signa Excite; GE Healthcare) were used for all image acqui-
sitions. Spinal levels were identified by using sagittal fast low-angle
shot (FLASH) locator MR images based on known anatomic land-
marks. Images were acquired with TE/TR = 96.3/6000 ms, matrix
size = 128 X 128, NEX = 1, FOV = 200 mm, and a section thickness
of 5 mm with no intersection gap. After reconstruction, images were
zero-padded and interpolated to 256 X 256. Diffusion-weighted im-
ages (DWIs) were acquired with b = 1500 s/mm? in 25 equidistant
directions, and a single T2-weighted (T2WT) (b = 0 s/mm?) image
was acquired for each section. The number of diffusion-sensitizing
directions was chosen on the basis of previous studies illustrating no
significant increase in image quality for >25 directions.*>*
Analysis of Functional Neuroimages software package (AFNI;

available at http://afni.nimh.nih.gov/) was used for Fourier trans-
form-—Dbased affine registration of the 25 DWIs to the T2WI reference
image to correct for bulk motion, eddy-currents, and susceptibility-
related image distortions. AFNI was also used to calculate the 3 X 3
diffusion tensor from the 25 DWIs by using a constrained nonlinear
least squares approximation.’’ The eigenvalues (A, A,, A;), trans-
verse apparent diffusion coefficient (A, defined as the average of the 2
smaller eigenvalues, A, and A;), longitudinal apparent diffusion coef-
ficient (A;, defined as the largest eigenvalue, or A,), eigenvectors (v,
v,, v3), mean diffusivity (MD, defined as average of A, A, and A;),
and fractional anisotropy (FA, see®” for equation) were calculated for
each voxel by using custom Matlab (MathWorks, Natick, Mass) algo-
rithms. A total of 108—-126 sections were obtained throughout the
entire spinal cord, resulting in a total scanning time of 48 * 12 min-
utes, depending on the height of the subject. Individual subject scan-
ning times were determined from the start of the first FLASH locator
image to the last DWT image.

Data Description for Regions of Interest

Manual segmentation of spinal cord regions of interest was per-
formed for the whole cord as described in a previous publication.'
First, the spinal cord was manually segmented from the CSF by using
the T2WI images for a whole cord analysis (ie, no gray and white
matter segmentation). Regions of interest for the whole cord analysis
were placed within the spinal cord such that at least 2 voxels around
the edge of the cord were excluded, to ensure no partial volume con-
tamination from the surrounding CSF. Manual segmentation of the
spinal cord was verified by comparison with an accepted automated
segmentation algorithm.'*??

For data analysis with respect to vertebral level, extracted diffusion
distributions from all sections within a single vertebral level (approx-
imately 3 sections per vertebral level) were pooled into a single repre-
sentative distribution per segment. For data analysis with respect to
distance from chronic lesions, extracted distributions from each sec-
tion were used to represent the diffusion characteristics at the partic-
ular section location. For example, the diffusion characteristics 15
mm from a chronic lesion located at C5 corresponded to 3 sections
from the image located at the center of the C5 vertebral body (because
section thickness was 5 mm).

Hypothesis Testing and Statistics

Whole Cord Diffusion Characteristics. FA and diffusion charac-
teristics were analyzed for all subjects and all vertebral levels to deter-
mine if global changes in diffusivity occur along the neuraxis during
the chronic stages of SCI. Tests for normality (Kolmogorov-Smirnov
test) were performed before analysis to ensure that parametric statis-
tics were applicable. If data were normally distributed (P > .05), a
2-way analysis of variance (ANOVA) with pooled variance (fixed fac-
tors: injury group [injured/uninjured], vertebral level; random factor:
subject) was performed to compare injured subjects with uninjured
subjects. In addition, a univariate general linear model (GLM; fixed
factors: vertebral level, completeness of injury [complete/incom-
plete], injury level [thoracic/cervical], vertebral level X injury level,
vertebral level X completeness of injury; random factor: subject) was
performed to examine differences between injured subject groups.
The Tukey test for multiple comparisons was performed for post hoc
comparisons. All tests had a significance level of a =.05.

Chronic Lesion Diffusion Characteristics. To characterize the
diffusivity in regions near the chronic lesion across SCI subjects, we
aligned diffusion data longitudinally, on the basis of the level of neu-
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rologic impairment. Diffusion measurements (A;, A, and MD) of the
chronic lesion were examined to determine the nature of water diffu-
sion as a function of distance or section number from the injury. A
length of 100 mm, centered on the chronic lesion, was examined in
this portion of the study. Diffusion measurements within the chronic
lesion were compared with a similar volume of spinal cord (100-mm
segment) in the uninjured cervical (approximately C1-C7) and tho-
racic regions of controls (approximately T3-T9), which were previ-
ously determined to be significantly different.'> Again, 2 separate
2-way ANOVAs with pooled variance (fixed factors: distance, injury
group [injured/uninjured]; random factor: subject) were used to de-
termine if significant differences in diffusion measurements existed
between the lesion and uninjured cervical or thoracic spinal cord. In
addition, a univariate GLM (fixed factors: distance, completeness of
injury [complete/incomplete], level of injury [thoracic/cervical], dis-
tance X completeness, distance X level of injury; random factor: sub-
ject) was performed to test differences between injured subject groups
and to determine the effects of lesion location and completeness of
injury on diffusion measurements.

Trends in FA adjacent to and at gradually increasing vertebral
levels from the lesion site were then examined. If data were normally
distributed, a 2-way ANOVA with pooled variance (fixed factors: ver-
tebral level, injury group [injured/uninjured]; random factor: sub-
ject) was used to compare FA in injured subjects with either the un-
injured cervical (C1-C7) or thoracic (T2-T7) spinal cord. A
univariate GLM (fixed factors: vertebral level, completeness of injury
[complete/incomplete], injury level [thoracic/cervical], vertebral
level X completeness, vertebral level X injury level; random factor:
subject) was performed to examine differences between injured sub-
ject groups and to determine the effects of lesion location and com-
pleteness of injury on diffusion measurements. The Tukey test for
multiple comparisons was performed for post hoc analyses. Signifi-
cance level was set to a = .05 for all tests.

Diffusion Characteristics of the Upper Cervical Spinal Cord. To
examine whether diffusion properties differ in regions remote from
the injury site, as previously suggested,'> we used a 2-way ANOVA
with pooled variance (fixed factors: vertebral level, injury group [in-
jured/uninjured]; random factor: subject) and the Tukey test to com-
pare the diffusion characteristics (A}, A, and MD) in the upper cervi-
cal spinal cord (C1-C3) between uninjured subjects and those with
chronic SCI. In addition, a univariate GLM (fixed factors: complete-
ness of injury [complete/incomplete], level of injury [thoracic/cervi-
cal], vertebral level [C1-C3]; random factor: subject) was performed
to examine differences between injury groups and the effects of lesion
level and completeness of injury on cervical measurements of
diffusivity.

Results
The T2WI signal-intensity-to-noise ratio (SNR) was found to
be approximately 5.7 = 0.7 but varied across the length of the
spinal cord.'? Specifically, upper cervical levels had signifi-
cantly higher SNR compared with midthoracic regions (C1-
C4, SNR = 6.5; T2-T5, SNR = 4.5; Tukey, P < .05). No sig-
nificant differences in SNR were observed between individual
subjects (ANOVA, P = .585) or subject groups (ANOVA, P =
.312). The SNR was calculated as the mean T2W1I signal inten-
sity within the spinal cord divided by the mean T2WI signal
intensity of background noise in the image.”*

FA images in uninjured controls showed high anisotropy
throughout the length of the spinal cord compared with thatin
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subjects with SCI, especially in regions associated with spinal
white matter. An example of the FA images in the upper cer-
vical segments in a single control subject is illustrated in Fig
1A. In subjects with incomplete chronic SCI (Fig 1B), a lower
FA was apparent compared with intact subjects. Subjects with
complete chronic SCI, illustrated in Fig 1C, had very low FA
values in regions near the injury site.

Whole Cord Diffusion Characteristics

Fluctuations in diffusion measurements were observed across
the entire length of the spinal cord in subjects with chronic
SCI, suggesting that widespread changes in spinal tissue struc-
ture may occur during long-term recovery from traumatic in-
jury. Specifically, spinal cord diffusion measurements in sub-
jects with chronic SCl illustrated a significant increase in A}, A,
and MD at the lesion (Fig 2A-C), compared with diffusion
measurements of neurologically intact control subjects
(ANOVA, P < .05 for all A, A,, and MD comparisons). No
differences between injured subject groups, completeness of
injury, or lesion level were observed with respect to A, (verte-
bral level, P = .410; injury level, P = .068; completeness, P =
.377; vertebral level X injury level, P = .092; vertebral level X
completeness, P = .539). Subjects with complete SCI had sig-
nificantly higher A, (GLM, P = .011) and MD (GLM, P = .037)
throughout the spinal cord compared with subjects with in-
complete SCI. Subjects with thoracic lesions also demon-
strated significantly higher A, (GLM, P = .012) and MD
(GLM, P = .019) throughout the spinal cord compared with
lower cervical lesions. Interactions between lesion level and
vertebral level along with the interactions between complete-
ness of injury and vertebral level were not significant (GLM,
P> .05).

When examining group differences in FA between unin-
jured subjects and those with chronic SCI, results indicated a
significantly lower FA in subjects with chronic SCI compared
with controls (ANOVA, P <.001). The combined group anal-
ysis also indicated significant differences due to vertebral level
(ANOVA, P < .001) and significant interaction effects
(ANOVA, P = .024). The interaction effects (vertebral level
and injury/control group) reflected low FA values for the SCI
group at specific vertebral levels, which corresponded pre-
cisely to the level of ASIA neurologic impairment. In addition,
subjects with complete SCI had significantly lower FA (GLM,
P <.001) throughout the spinal cord compared with subjects
with incomplete SCI. Subjects with thoracic injury had signif-
icantly lower FA (GLM, P = .011) compared with subjects
who had lower cervical spinal cord lesions.

The potential utility of FA for identifying injury location is
demonstrated for 1 subject with SCI in Fig 2D. Subject S6
demonstrated a relatively sharp drop in FA around the clini-
cally diagnosed level of injury (C5-C6 incomplete), along with
a rise in FA to that of control levels caudal to the injury. A
similar pattern was observed in all injured subjects across the
length of the spinal cord, where the sharp drop in FA corre-
sponded precisely to the clinically diagnosed level of injury.

Chronic Lesion Diffusion Characteristics

Diffusion measurements of the subjects with chronic SCI le-
sions showed a significant increase in A; (~50% increase), A,
(~160% increase), and MD (~100% increase) at the lesion
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Fig 1. FLASH localizer and FA color images of select regions of the spinal cord in
representative subjects. A, Control subject showing consistently high FA throughout the
spinal cord. B, Representative subject with incomplete injury (S2) showing slightly lower FA
compared with control subjects. Note that the level of the lesion had a particularly low FA
value (arrowhead). C, Representative subject with complete injury (S4) showing signifi-
cantly lower FA compared with that of the control subject in A. Note significant atrophy of
the spinal cord caudal to the injury site.

(Fig 3A-C), compared with diffusion measurements in com-
parable cervical and thoracic volumes in neurologically intact
controls (ANOVA, P < .05 for all A}, A, and MD comparisons
with both cervical and thoracic volumes). Subjects with com-
plete and incomplete SCI did not have significantly different
measures of A; (GLM, completeness of injury, P = .296) or
MD (GLM, completeness of injury, P = .097). In addition,
level of injury was not a significant factor for A (GLM, injury
level, P = .483) or MD (GLM, injury level, P = .222) near the
lesion. Alternatively, A, illustrated a significant difference be-
tween subjects with complete and incomplete SCI (GLM,
completeness of injury, P = .009) and level of injury (GLM,
injury level, P = .050).

Around the site of traumatic lesions, FA was significantly
lower compared with neurologically intact cervical (ANOVA,
P < .001) and thoracic (ANOVA, P < .001) vertebral levels.
Measurements of FA around the lesion site also appeared to be
dependent on the level of injury (GLM, injury level, P = .027)
as well as on the completeness of injury (GLM, completeness
of injury, P = .007). Specifically, subjects having complete SCI
demonstrated a lower FA at the lesion compared with subjects
with incomplete SCI, and subjects with thoracic lesions had a
lower FA compared with subjects having lower cervical
lesions.

Diffusion Characteristics of the Upper Cervical Spinal
Cord

The differences in diffusion measurements between subjects
with SCI and controls were not constrained to regions of the
spinal cord near the injury site. A comparison of the diffusion
measurements in the upper cervical spinal cord (C1-C3) in-
dicated significantly smaller magnitudes of diffusion in sub-
jects with chronic SCI compared with those with an intact
spinal cord (ANOVA, P < .001 for A; A, and MD, Table 2).
Completeness of injury and level of injury were not significant
factors in determining A; A, or MD in the cervical spinal cord
(GLM, P > .05 for all A| A, and MD). Subjects with complete
SCl appeared to have significantly lower cervical cord FA com-
pared with those with incomplete SCI (GLM, P < .001); how-
ever, level of injury was not a significant factor (GLM, injury
level, P = 0.171). Note that this decrease in overall diffusivity
in subjects with SCI is in marked contrast to the increase ob-
served at and near the injury site. These results suggest that
systemic changes in diffusivity throughout the entire spinal
cord may occur as a result of long-term recovery from trau-
matic SCI.

Discussion

This study demonstrated changes in diffusion characteristics
throughout the spinal cord in subjects with chronic SCI com-
pared with uninjured controls. FA was particularly low at the
injury site, providing a metric for estimation of the rostral and
caudal extent of the damaged tissue. Furthermore, overall dif-
fusion magnitude within the spinal cord was higher at the
injury site but significantly reduced in the upper cervical seg-
ments, suggesting that regions remote from the injury site may
be affected by the pathophysiologic processes associated with
long-term recovery from spinal injury. Together, these obser-
vations demonstrate the utility of DTI for monitoring alter-
ations in the spinal cord after injury.
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Fig 2. Whole cord diffusion characteristics for healthy subjects (mean for all healthy subjects = SEM across healthy subjects, illustrated with boxes) and a representative subject with
chronic SCI (SB, incomplete [circles]). Longitudinal diffusivity (Al) (A), transverse diffusivity (At) (B), mean diffusivity (MD) (C), and FA (D) are shown. Arrowheads represent the location of

ASIA neurologic impairment for the subject with chronic SCI.
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Fig 3. Mean diffusion measurements across lesions for all subjects with chronic SCI. A-C, Longitudinal diffusivity (Al) (4), transverse diffusivity (At) (B), and mean diffusivity (MD) (C) are
shown as a function of distance (in millimeters) from the location of ASIA neurologic impairment. [, FA across the lesion is shown as a function of vertebral level. The black line represents
clinically complete SCI, and gray lines represent clinically incomplete SCI. Dashed lines represent mean control data. Data shown represent mean values = SEM across SCI subjects

(complete, n = 4; incomplete, n = 5).

The reduction in FA measurements in chronic SCI is con-
sistent with decreases in FA reported at the injury site in ani-
mal models. In the current study, FA measurements through-
out the entire spinal cord demonstrated a significant decrease
in diffusion anisotropy in the chronically injured compared
with the intact spinal cord. This observation is consistent with
changes occurring during acute SCI in animal models'* '
and reports in humans with nontraumatic*>'? or traumatic
spinal cord pathology.” We observed that the chronic lesion,
in particular, had dramatically lower FA compared with the
neurologically intact spinal cord, and this decrease depended
on the completeness of injury. Thus, measurements of spinal
cord FA may be useful to indicate the site of the chronic lesion
and degree of neural injury.

An important result of the current study was the observed
decrease in A;, A, and MD in the upper cervical segments of
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subjects with chronic SCI compared with control subjects.
Previous reports have consisted almost exclusively of increases
in diffusivity after SCI. However, injuries in these studies have
all been relatively acute, and measurements were isolated to
the injury site (not in regions remote from the lesion). Con-
versely, a decrease in overall diffusion magnitude has been
observed distant from the injury site in the sea lamprey during
recovery from a spinal cord injury’® and in the upper cervical
cord of 4 subjects with chronic SCI."? In addition, a decrease in
A, distant from the primary lesion was also reported very re-
cently in a rat model of focal myelitis, associated with axon
degeneration.”” These studies are consistent with our results
suggesting that the decrease in diffusion magnitude observed
distal to the injury site is likely due to axonal restructuring and
long-term widespread degeneration of the spinal cord.

The decreases in overall diffusion magnitude in the upper



Table 2: Comparison of diffusion characteristics between
neurologically intact control subjects and those with chronic SCI
across upper cervical segments (C1-C3)

P

Diffusion Metric/Level Control Chronic SCI Value*
A (1073 mm%/s)

C1 1.28 +0.07 0.99 = 0.09 .006

C2 1.48 + 0.04 1.10 = 0.08 <.001

C3 1.47 +0.03 1.16 = 0.08 .002
A (1072 mm?/s)

C1 051 +0.04 0.35 = 0.04 003

C2 0.59 = 0.04 0.44 = 0.04 004

C3 0.62 = 0.04 0.47 +0.05 .006
MD (1072 mm?/s)

C1 0.77 =0.04 0.60 = 0.06 .009

C2 0.89 +0.03 0.66 = 0.05 <.001

C3 0.90 = 0.03 0.70 = 0.06 002

Note:—MD indicates mean diffusivity.
* Pvalues represent the level of significance from the Tukey test for multiple comparisons.
Data are reported as mean + SEM.

cervical spinal cord with a caudal injury are likely to be the
result of changes in the cellular microstructure of the spinal
cord. Preferential loss of large-diameter axons has been docu-
mented in the chronic stages of SCI*® resulting in predomi-
nantly small axons in damaged white matter tracts and a cor-
responding lower A,.*® Progressive demyelination has also
been documented during the chronic stages of injury,®'° and
subsequent remyelination results in axons with significantly
decreased myelin sheath thickness.****” Demyelination,
combined with atrophy of the spinal cord"' in the chronic
stages of SCI in regions remote from the lesion, could cause a
decrease in A,.°”*’ These changes in microstructure could ac-
count for the changes in diffusivity in the rostral spinal cord,
but an animal study examining the diffusion parameters and
corresponding histology would be needed to confirm this
hypothesis.

Study Limitations
One potential limitation to this study was the use of a single-
shot twice-refocused spin-echo EPI pulse sequence for obtain-
ing DTT images of the spinal cord. Although many pulse se-
quences have been developed for spinal cord diffusion
imaging,**** a recent study has suggested that these pulse se-
quences produce similar estimates of diffusion coefficients.'?
Because of its ease of implementation in the clinical environ-
ment, many studies have demonstrated the ability of single-
shot diffusion tensor EPI to estimate the diffusion character-
istics of the spinal cord.">12454 Eyurthermore, the use of a
twice-refocused spin-echo preparation, which is typically
available on clinical MR imaging scanners, has been shown to
improve significantly image quality and reduce susceptibility
distortions.*®

Although this study would have benefited from a larger
injury-population size, the diffusion measurements observed
in the lesion epicenter are similar to those previously reported
in acute injury,” and trends observed remote from the lesion
are similar to those reported in recent human studies.'® De-
spite consistencies with similar studies, the relatively small and
heterogeneous population of injured subjects with SCI is an
additional limitation to the current study.

A final limitation to this study was the age range repre-

sented by the normative dataset. MD has been shown to in-
crease slightly and FA has been shown to decrease slightly with
increasing age, though the magnitude of the changes was min-
imal and likely did not affect the results. For example, for a
period of 60 years (25—85 years of age), the average MD has
been shown to increase approximately 0.1 X 10~> mm?*/s and
the mean FA has been shown to decrease approximately 0.04.*
We observed changes in MD and FA in chronic SCI well be-
yond the magnitude expected from normal aging, and we ob-
served no trends in the data suggesting that subject age was
responsible for the observed differences between groups. To
verify the absence of an age bias, we repeated the analysis elim-
inating both the youngest control subjects and the oldest sub-
jects with SCI from the analysis, which resulted in similar
trends in the data and similar differences between control and
SCI groups. Although the magnitude of changes in diffusion
characteristics is expected to change only slightly during nor-
mal aging, discretion should be used when interpreting our
results because the effects of aging on this particular patho-
logic population have not been explored.

Conclusion

In the current study, we have demonstrated changes in DTI
measurements in human chronic SCI by using a widely avail-
able clinical pulse sequence. In addition, the techniques used
in this study provide clinically relevant information on lesion
location and size along with the overall integrity of the spinal
cord during chronic SCI.
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