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Abstract

The aim of this study is to assess the utility and effectiveness of diffusion tensor imaging (DTI) and diffusion tensor
tractography (DTT) of the entire pediatric cervical and thoracic spinal cord toward discrimination of typically developing (TD)
controls and subjects with spinal cord injury (SCI). A total of 43 pediatric subjects, including 23 TD subjects ranging in age
from 6 to 16 years old and 20 subjects with SCI ranging in age from 7 to 16 years, were recruited and scanned using a 3.0
Tesla magnetic resonance scanner. Reduced field of view diffusion tensor images were acquired axially to cover the entire
spinal cord across two slabs. For DTI analysis, motion correction was performed by coregistration of the diffusion-weighted
images to the reference image (b0). Streamline deterministic tractography results were generated from the preprocessed data.
DTT and DTT parameters of the whole cord, including fractional anisotropy (FA), mean diffusivity (MD), tract length, and
tract density, were calculated, averaged across the whole spinal cord, and compared between the TD and SCI groups.
Statistically significant decreases have been shown in FA (TD=0.46%0.11; SCI=0.3710.09; p<0.0001) and tract density
(TD=405.93+£243.84; SCI=268.90£270.34; p<0.0001). However, the mean length of tracts and MD did not show sig-
nificant differences. When investigating differences in DTI and DTT parameters above and below the injury site, it was shown
that the FA and tract density in patients with cervical SCI decreased significantly in the thoracic region. An identical trend was
observed in the cervical region for patients with thoracic SCI as well. When comparing TD and SCI subjects, FA and tract
density were the most sensitive parameters in detecting functional changes of the spinal cord in chronic pediatric SCI. The
results show that both DTI and DTT have the potential to be imaging biomarkers in the diagnosis of SCI.
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Introduction

AFTER A TRAUMATIC or nontraumatic injury to the spinal
cord, the affected individual will routinely undergo a series of
evaluations to assess the condition of the cord and its functional
abilities. To determine the clinical status of motor and sensory
functions, clinicians typically use the International Standards for
Neurological Classification of Spinal Cord Injury (ISNCSCI). The
motor examination is completed through the testing of key muscle
functions corresponding to the paired myotomes.! The sensory
examination tests two aspects of sensation; light touch and sharp-
dull discrimination in each of the 28 dermatomes on both sides of

the body.! The severity of injury is classified by the American
Spinal Injury Association (ASIA) Impairment Scale (AIS). This
scale classifies the injury as complete or incomplete, with varying
degrees of incomplete trauma depending on the presence motor or
sensory function.>

In general, the outcomes of the ISNCSCI exam are valid when
looking at adult spinal cord injury (SCI) cases. However, studies
have shown that these examinations may not be applicable or ac-
curate for the pediatric population. Therefore, additional exami-
nation techniques are required to diagnose pediatric SCI cases.’

A major shortcoming of the ISNCSCI is the absence of quanti-
tative data that can be utilized in the diagnosis of pediatric SCIs.
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However, quantitative data can be obtained through magnetic
resonance (MR) techniques such as diffusion tensor imaging (DTI)
and diffusion tensor tractography (DTT). Spinal cord DTI is a
method that tracks the diffusion of water molecules throughout the
length of the cord.*”” The structure of the spinal cord can be dif-
ferentiated into white matter (WM) and gray matter (GM). The
WM consists of fibers that configure the ascending and descending
tracts that carry information to or from the brain. The myelin sheath
that insulates these tracts restricts perpendicular flow, resulting in
diffusion that is predominantly longitudinal. Conversely, GM is not
characterized by this organization of myelin and is therefore largely
disordered, having a highly isotropic diffusion pattern. Thus, DTI
can potentially help identify functional abnormalities by a more
thorough characterization of the cord architecture.*™"°

In the last decade, several reports have described the use of DTT
to depict neuronal fibers in the WM of the brain. In contrast, high-
resolution data for the spinal cord have been difficult to obtain,
because of the small size of the spinal cord.'' The spinal cord is
located deeper in the body and surrounded with different types of
tissue. Imaging the cord requires discriminating among tissues and
materials with different magnetic properties, such as the spinal cord
WM, GM, cerebral spinal fluid (CSF), vertebrae, muscle, and air,
all of which are present within a small space.''™'> These factors
generally introduce susceptibility effects and reduce the amount of
uncontaminated MR signal from the cord. Moreover, motion ef-
fects attributed to its proximity to the heart and lungs, particularly
in the thoracic region of the cord, make imaging challenging in this
region. Although it is difficult to obtain distortion-free, high-
resolution images of the spinal cord using standard diffusion-
weighted acquisitions, the implementation and optimization of a
diffusion-sensitized two-dimensional (2D) radiofrequency (RF)
reduced field of view (FOV) sequence allows for a higher in-plane
resolution with fewer geometric distortions and physiologic based
artifacts.'® Also, the rigorous post-processing pipeline as im-
plemented in this study is very critical and important for obtaining
high-quality DTI and DTT results.'”

As the performance of magnetic resonance imaging (MRI) im-
proves, the number of DTI studies of the spinal cord has increased.
There are two categories of such studies. One involves visualizing
spinal cord disorders by tractography, including the visualization of
inflammatory and degenerative disorders,*'® localization and
characterization of spinal cord tumors,"*™'? characterization of the
deformation, and interruption of local fibers caused by arteriove-
nous malformations,”® Brown Sequard syndrome,*' and SCL**?
The other category involves the quantitative analysis and exami-
nation of correlations between diffusion and both functional and
histological conditions.” DTI and DTT in pediatric subjects is lim-
ited to only a few studies,??*2*2% and, to the best of our knowledge,
there is no study reported with the investigation of DTT along the
entire spinal cord (both cervical and thoracic) in subjects with SCI.
The aim of this study is to assess the utility and effectiveness of DTI
and DTT as imaging biomarkers for better discrimination of SCI for
the entire pediatric cervical and thoracic spinal cord. To further this
goal, DTI measurements above (in patient with thoracic SCI) and
below (in patient with cervical SCI) the injury site were also in-
vestigated and compared to healthy control subjects.

Methods
Subject recruitment

A total of 43 pediatric subjects including 23 TD subjects be-
tween 6 and 17 years of age (11.94+3.26 [mean * standard devi-
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ation {SD}]; 13 females and 10 males) with no evidence of spinal
cord pathology and 20 subjects with chronic SCI (10 subjects with
cervical injury and 10 with thoracic injury) between 7 and 16 years
of age (11.28+3.00 [mean*SD]; 9 females and 11 males) were
recruited. Subjects and parents provided written assent and consent
of the institutional review board approved protocol. The inclusion
criteria used for subjects with SCI were: Subjects had stable SCI as
evidenced by no neurological change in the past 3 months and were
at least 6 months post-SCI. A range of the time after initial SCI is
1.4-17.0 years (7.33+£4.30). All subjects underwent a complete
ISNCSCI examination on the same day as the MRI scan.® Severity
of injury was determined according the AIS.? Of the subjects with
SCI, there were 8 patients classified as AIS A (complete SCI), 2
with AIS B (sensory incomplete), and 6 with AIS D (sensory and
motor incomplete). Unfortunately, 4 patients were unable to com-
plete the ISNCSCI and therefore did not receive an AIS category
because of age, low motivation, autonomic dysfunction, or lack of
understanding of the instructions. Table 1 details the age at the time
of study, age at the time of injury, time after initial SCI, and level
and severity of injury for the SCI subjects.

Image acquisition

The MRI scans were performed using a 3.0 Tesla Siemens Verio
MR scanner (Siemens Healthcare, Erlangen, Germany) with four-
channel neck matrix and eight-channel spine array. 2D RF reduced
FOV diffusion tensor images were collected axially in the same an-
atomical location prescribed for the T2-weighted images to cover the
entire spinal cord using two overlapping slabs (Fig. 1). Reduced FOV
DTI scan parameters were: number of directions =20; b=_800 s/mmz;
voxel size=0.8x0.8 x6.0 mm3; matrix size=36x208; axial slices=
40; repetition time TR =7900 ms; echo time TE=11 Oms; number of
averages = 3; and acquisition time = 16.98 min (to collect both slabs).
Cardiac gating and respiratory compensation were not used in this
study because this would increase acquisition time, which is not de-
sirable in pediatric imaging. Also, anesthesia was not administrated to
the subjects in this study.

Pre-processing of diffusion tensor imaging data

Motion correction. Motion artifacts induced by patient
movement, spinal cord pulsation and oscillation, and cardiac and
respiratory motion can be reduced using sedation, cardiac gating,
and respiratory compensation. Unfortunately, in pediatric imaging,
these techniques increase scanning time, which may result in a lack
of patience and cooperation by patients.'”*’-2° Although the im-
plementation of the 2D RF diffusion sequence helped to mitigate
image contamination attributed to these effects, motion correc-
tion was performed to further enhance tensor estimation accura-
cy.'” Diffusion-weighted images were aligned with the average
reference image (b0) using a rigid body registration algorithm
and a normalized mutual information cost function using an in-
house software developed in Matlab (The MathWorks, Inc.,
Natick, MA).!7-28-30

Diffusion tensor estimation

After data acquisition and preprocessing, a robust estimation of
tensor by outlier rejection (RESTORE) technique was applied to
generate DTI maps, including fractional anisotropy (FA) and mean
diffusivity (MD). This method uses iteratively reweighted least-
squares regression to identify potential outliers and subsequently
exclude them. The final fit is performed with the remaining data



TABLE 1. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF THE SCI PATIENTS

Age at the Age at the Time after Level of injury-based Severity of

Subject time of study time of injury initial SCI ISNCSCI injury-based AIS

SCI1 9.25 1.75 7.50 Cco6 B

SCI2 15.18 12.33 2.85 T10 B

SCI3 10.01 4.00 6.01 C5 D

SCi4 11.14 4.75 6.39 C6 A

SCI5 15.16 12.00 3.16 L2 Unable to determine

SCI6 11.07 1.50 9.57 T4 A

SCI7 9.44 8.25 1.19 T9 A

SCI8 8.08 3.67 4.41 C1 D

SCI9 13.74 0.50 13.24 C5 D

SCI10 8.10 2.08 6.02 C8 A

SCI11 15.74 12.00 3.74 T9 A

SCI12 12.40 1.42 10.98 C1 D

SCI13 12.63 1.58 11.05 Unable to determine Unable to determine
(thoracic SCI)

SCIl14 12.71 8.42 4.29 T12 A

SCI15 8.05 3.42 4.63 Unable to determine A
(thoracic SCI)

SCI16 8.68 0.67 8.01 Unable to determine Unable to determine
(cervical SCI)

SCI17 15.00 13.85 1.42 C8 A

SCI18 7.04 1.33 5.71 L2 D

SCI19 7.17 0 (at birth) 7.17 Unable to determine Unable to determine
(thoracic SCI)

SCI20 14.91 13.08 1.83 T4 D

SCI, spinal cord injury; ISNCSCI, International Standards for Neurological Classification of Spinal Cord Injury; AIS, American Spinal Injury Association
Impairment Scale.

FIG. 1.

Cross-sectional image of the spinal cord acquired from the MRI scanner; T2 W-GRE image (left) and FA map reconstructed
from raw DTI dataset (right). DTI, diffusion tensor imaging; FA, fractional anisotropy; MRI, magnetic resonance imaging; T2 W-GRE,
T2-weighted gradient recalled echo. Color image is available online at www.liebertpub.com/neu
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points using the constant weights that appropriately describe the
errors introduced by Gaussian distributed noise. This method
eliminates the need for identifying corrupted images manually and
automatically detects spatially localized outliers that would be
easily missed by visual inspection.®'

Generation of fiber tracts (tractography)

Fiber tracts were assigned for each seed (voxel) belonging to the
WM of every slice to generate whole spinal cord tracts. A specific
threshold was set to include WM and exclude CSF and GM (Fig. 2).
These tracts were then restricted to the user defined regions of
interest (ROIs) placed at each intervertebral disk level and at the
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mid-vertebral body level of the cervical and thoracic spinal cord
(approximately 40 ROIs).

In this study, fiber tracts were generated for both TD and SCI
subjects. It is known that GM and CSF have lower FA values than
WM.?® To construct only WM tracts, FA thresholds were set for
both TD and SCI cases at 40-50% of the average FA value.? The
streamline-based deterministic method traces pathways from a seed
(voxel) by following the primary eigenvector from one voxel to the
next by knowing the propagation direction, length, and step of each
propagation. A tract is terminated when it reaches a voxel with FA
values lower than a predefined threshold followed by estimation of
the turning angle of the fiber orientation predefined by an angular
threshold (e.g., 70 degrees).>

FIG. 2. Sagittal reconstruction of FA color maps of 2 overlapping slabs (A and C). The cervical and upper thoracic regions (A) and
corresponding tractography image (B). The upper thoracic-through-conus regions (C) and corresponding tractography image (D). DTT,
diffusion tensor tractography; FA, fractional anisotropy. Color image is available online at www.liebertpub.com/neu
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Manual region of interest definition

To measure DTT and DTT at each intervertebral disk level and at
the mid-vertebral body level of the cervical and thoracic spinal
cord, ROIs were drawn manually on each FA map. These ROIs
included both the GM and WM of the spinal cord and excluded the
border, or edge, of the cord (approximately 1-2 voxels from outer
margin of the cord) to avoid the effects of partial volume artifacts
that occur at the cord/CSF interface (Fig. 3). This procedure was
followed throughout at each intervertebral disk level and at the
mid-vertebral body level of the cervical and thoracic spinal cord,
being anatomically localized by an independent board-certified
neuroradiologist, in all subjects. These levels are: C1, mid-dens,
base dens, mid-C2, C2—C3, mid-C3 (upper cervical cord); C3—C4,
mid-C4, C4—-C5, mid-C5 (middle cervical cord); C5-C6, mid-C6,
C6-C7, mid-C7, C7-T1 (lower cervical cord); mid-T1, T1-T2,
mid-T2, T2-T3, mid-T3, T3-T4, mid-T4, T4-T5 (upper thoracic
cord); mid-T5, T5-T6, mid-T6, T6-T7, mid-T7, T7-T8, mid-T8,
T8-T9 (middle thoracic cord); mid-T9, T9-T10, mid-T10, T10-
T11, mid-T11, T11-T12, mid-T12, T12-L1, mid-L1 (lower tho-
racic cord).

DTI and DTT measures were computed for all subjects in both the
normal (n=23) and SCI (n=20) groups and averaged along ROIs
drawn at each intervertebral disk level and at the mid-vertebral
body level of the cervical and thoracic spinal cord (approximately
40 ROIs for each subject). Also, the proposed quantitative mea-
sures were calculated and compared with the TD subjects at the
regions superior to the relative injury region in patients with
thoracic SCI and inferior to the relative injury region in patients
with cervical SCI. Figure 4 shows a representative above- and
below-level breakdown for a subject with a chronic cervical in-
jury. In cervical SCI (n=10), only the thoracic average (which is
the common region for all cervical SCI no matter where the level
of injury is) was compared with the thoracic average of the normal
population (n=23). In the thoracic SCI group (n=10), the cer-
vical area (which is the common region for all thoracic SCI no
matter where the level of injury is) was compared with cervical
average of the normal group (n=23)

ALIZADEH ET AL.

Statistical anlysis

Upon definition of whole-cord ROIs, statistical analysis was
performed between subjects with SCI and TD control groups. A
comprehensive data table was created containing information of
DTI and DTT measures (Tables 2—4). Mean and SD of each mea-
sure for every subject along the entire spinal cord were calculated.
These measures then were compared between TD and SCI subjects
based on standard least squared linear regression model and re-
stricted maximum likelihood method (JMP Pro 13.0 software).
This model was constructed looking at group differences by as-
suming ROI level and groups (controls/patients) composition as the
fixed effects and subjects as the random effects. The same statistical
analysis was also performed when investigating diffusion changes
above (for thoracic injuries) and below (for cervical injuries) be-
tween TD and SCI subjects.

A p value of 0.05 was used throughout to determine statistical
significance.

Results

The mean FA values of the whole cord along the entirety of the
spinal cord in the controls and patients were 0.46%0.11 and
0.37£0.09, respectively. FA values were significantly decreased in
patients with SCI (p<0.0001) when compared to controls. MD
values in the controls and patients were 0.940.09 x 10 mm?/sec
and 1.01 £0.08 x 10’3mm2/sec, respectively; however, it was not a
statistically significant difference. Also, DTT parameters, such as
mean length of tracts and tract density, were calculated using the
streamline tractography algorithm. The mean tract density in the
controls and patients were 405.93£243.84 and 268.90+270.34,
respectively, which shows a significant decrease in the SCI group
(p=0.0005). However, the mean length of tracts (55.21 £30.18 and
43.28 £18.56 mm in the controls and patients, respectively) did not
show significant differences (Table 2). Figure 5 represents these
quantitative measures at various cord levels.

Also, DTT and DTT parameters were calculated above the injury
site (cervical) in patients with thoracic SCI and below the injury site

FIG. 3.

[lustration of placement of ROIs on FA map after being anatomically localized by level by a board certified neuroradiol-

ogist. To avoid partial volume averaging with CSF, ROI was chosen away with a minimum of one voxel from the border or edge of
the cord. CSF, cerebrospinal fluid; FA, fractional anisotropy; ROIs, regions of interest. Color image is available online at www

Jliebertpub.com/neu
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FIG. 4. Sagittal T2-weighted image of a representative subject with chronic traumatic injury in the cervical area (left) and FA, MD and
tractography images created by DTI data (right). Three regions relative to injury: regions superior to injury epicenter (B), at injury
epicenter (A), and inferior to injury epicenter (C) were identified. Injury epicenter for this subject located at C7 vertebral level. DTT,
diffusion tensor tractography; FA, fractional anisotropy; MD, mean diffusivity. Color image is available online at www liebertpub.com/neu

(thoracic) in patients with cervical SCI (Tables 3 and 4). In the
patients with cervical SCI, a decrease in mean FA, WM tract
density, and mean length of tracts and an increase in MD were
observed below the injury levels (thoracic region). Statistically
significant decreases have been shown in FA (p <0.0001) and tract
density (p <0.0001). However, the mean length of tracts did not
show significant differences.

DTI and DTT changes in the patients with thoracic SCI
were similar to the cervical SCI group. Compared to TD, a de-
crease in mean FA, WM tract density, and mean length of tracts
and an increase in MD were observed above the injury levels
(cervical region). Statistically significant decreases were shown
only in tract density above the injury (p=0.004). FA, MD,
and length of tracts did not show significant changes above the
injury levels.

TABLE 2. AVERAGED DTI AND DTT QUANTITATIVE MEASURES
OF THE WHOLE CORD OF CONTROLS AND PATIENTS WITH SCI
ALONG ENTIRE SPINAL CoRD (CERVICAL AND THORACIC)

Discussion

DTT and DTI have been underexplored for the evaluation of the
pediatric spinal cord because of the relatively small size of the
spinal cord and the motion artifacts induced by CSF pulsation,
cardiac, and respiration.®>> However, development of newer pulse
sequence methods, such as reduced FOV, has enabled reliable DTI
collection and enabled further exploration of the spinal cord. In this
study, DTI and deterministic tractography were used to success-
fully examine pathological changes in SCI patients compared to TD
controls. The results demonstrate that theses quantitative measures
have potential to show the deformation and functional integrity of the
cord at the level of injury and above or below. Also, tissue degen-
eration of the spinal cord above, below, and at the lesion can normally
be detected by histological examination, but not by visual inspec-
tion of the image of the tissue. This work demonstrated that the

TABLE 3. AVERAGED DTI AND DTT PARAMETERS
OF THE WHOLE CORD OF CONTROLS AND PATIENTS
WITH CERVICAL SCI ALONG ENTIRE CERVICAL SPINAL CORD

D SCI D BIR
Features Mean+SD Mean*=SD  Prob>|t| Features Mean+SD Meanx=SD  Prob>|t|
FA 046+0.11 0.37£0.09 <0.0001 FA 0.45£0.12 0.34£0.08 <0.0001
MD (10~°mm?%/s) 0.94+0.09 1.01+£0.08 0.12 MD (10~°mm?%/s) 0.86+0.09 0.94+0.07 0.2
Length of tracts (mm) 55.21+30.18 43.28+£18.56  0.08 Length of tracts (mm) 57.71+6.58 42.02+1598 0.95

Tract density 405.93£243.84 268.90+270.34 <0.0001

Tract density 323.76+£207.33 148.25+100.51 <0.0001

DTI, diffusion tensor imaging; DTT, diffusion tensor tractography; SCI,
spinal cord injury; FA, fractional anisotropy; MD, mean diffusivity; TD,
typically developing; SD, standard deviation.

DTI, diffusion tensor imaging; DTT, diffusion tensor tractography; SCI,
spinal cord injury; FA, fractional anisotropy; MD, mean diffusivity; TD,
typically developing; BIR, below injury region; SD, standard deviation.
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TABLE 4. AVERAGED DTI AND DTT PARAMETERS OF THE WHOLE
CorDp OF CONTROLS AND PATIENTS WITH THORACIC SCI
ALONG ENTIRE THORACIC SPINAL CORD

TD AIR
Features Mean+SD Mean+tSD  Prob>|t|
FA 0.47£0.09 0.41+£0.11 0.62
MD (10°mm?/s) 1.04+0.08 1.1+£0.07 05

Length of tracts (mm) 51.67+£16.95 48.04+23.9 0.6
Tract density 522.311244.57 497.24+£405.49 0.004

DTIL, diffusion tensor imaging; DTT, diffusion tensor tractography; SCI,
spinal cord injury; FA, fractional anisotropy; MD, mean diffusivity; TD,
typically developing; AIR, above injury region; SD, standard deviation.

quantitative measurements offered by DTI and DTT might reveal
functional changes associated with SCI away from the injury site.

Standard DTI parameters, such as FA and MD, have become
common measures used to assess the integrity of the spinal cord.
When comparing diffusion metrics between TD and subjects with
SCI, studies have shown a decrease in FA and an increase in
MD.*33 QOur results are consistent with these findings; however,
only FA was statistically significant. The decrease in FA may be
indicative of Wallerian degeneration from the site of injury. De-
generation of the fiber architecture, specifically the myelin, will
permit diffusion perpendicular to the neuronal axis, thus lowering
the degree of FA.?®** Although not statistically significant, the
increase in MD may be attributed to an increase in cord edema.*?

In addition to DTI, DTT has become a supplementary method
used to visualize and quantify the WM of the spinal cord. DTT
offers a number of measures, including length of fiber tracts and
tract density, which could provide insight into the condition of the
cord after traumatic injuries. Past DTT studies have shown a de-
crease in tract density and no difference in mean tract length in
subjects with cervical SCI compared to healthy subjects.”® The
techniques used in this study revealed similar results. The signifi-
cant decrease in tract density provides additional insight into the
degeneration process in chronic SCI cases. It is clear that degen-
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eration not only occurs at the site of injury, but also the surrounding
areas. A future study involving the comparison of adult fiber de-
generation and pediatric fiber degeneration may elucidate differ-
ences in the processes the body undergoes at younger ages.

Generation of fiber tracts was achieved by the use of determin-
istic streamline tractography. Many studies have proven the ef-
fectiveness of this algorithm, providing evidence that the estimated
trajectories of WM fiber tracts are indicative of cord conditions.?®
This method is rather quick and simple to calculate compared to
other techniques. However, there are limitations, notably difficulty
in interpreting the crossing of fiber tracts. Deterministic tracto-
graphy relies on the assumption that a voxel contains one single
orientation. The average diameter of a neuron is 0.1 mm. Using the
voxel size of 0.8 X 0.8 x 6.0 mm, it is certainly possible that a single
voxel will contain numerous fibers that may not have the same
orientations. Different tracts may cross within a single voxel;
therefore, imprecise data may be obtained. An alternative to de-
terministic is probabilistic fiber tracking. Probabilistic fiber track-
ing is an algorithm that calculates a probability distribution of fiber
orientations to estimate the likelihood of a tract. As a benefit, voxels
that contain relatively low FA values, such as areas where fibers
cross, will still be integrated into the tract.

The techniques performed revealed significant decreases in both
FA and tract density in SCI subjects compared to TD subjects. This
may be attributed to a number of factors. This study evaluated the
changes in DTI and DTT measures of TD children ranging from
ages 6 to 16 and children with SCI ranging from 7 to 16 years of
age. Past studies have revealed age-related changes in diffusion
tensor metrics as a result of natural maturation of the central ner-
vous system (CNS), primarily myelination and axonal growth.*?
Thus, these significant changes observed may be skewed because of
these age-related influences. By having a larger sample size, the
analysis can be done as a function of age to minimize DTI and DTT
variabilities attributed to maturation.

After the acquisition of axial DTI images, ROIs were manually
drawn at each slice of the FA maps to isolate the WM from the GM.
The use of ROIs as a direct measure has been proven to help un-
derstand specific areas of the CNS, such as neurodevelopmental
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FIG. 5. Averaged DTI and DTT measures across all TD and SCI subjects and plotted as a function of cord levels. The error bars
represent the standard deviations. DTI, diffusion tensor imaging; DTT, diffusion tensor tractography; SCI, spinal cord injury; TD,
typically developing. Color image is available online at www.liebertpub.com/neu
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changes. However, this method has limitations, including inter- and
intrarater variability and the length of time that drawing requires.
Hand drawing an ROI is subjective. Typically, the outer border of
an ROI will be drawn 1-2 voxels from the edge of the cord. This
ambiguous guideline leaves opportunity for bias from a researcher
between slices and especially between one researcher and another,
thus increasing variability of data. Additionally, it is time-consuming
to draw an ROI at each slice, especially as the number of subjects
increase. Therefore, there is need for an automated or semiautomated
ROI delineation that is validated to be as accurate or more accurate
than manually drawn ROIs.

It has been demonstrated in past studies that diffusion values are
not uniform throughout the cord. Different levels of the cord will
vary in width and diameter depending on the number of neural
projections to the body and extremities. Variation in the volume of
WM will thus change the values of DTI parameters.

Several human and animal studies have shown the relative im-
portance of the cord above and below the level of injury in SCI
patients.*>=7 With that goal, we decided to investigate the differ-
ences between DTI and DTT measures of the following groups: 1)
between normal and SCI group; 2) in cervical SCI, only the thoracic
slices (which is the common region for all cervical SCI no matter
where the level of injury is) was compared with the thoracic average
of the normal population; and 3) in the thoracic SCI group, the
cervical area (which is the common region for all thoracic SCI no
matter where the level of injury is) was compared with the cervical
average of the normal group. Although our group results showed
that in the cord above (in thoracic injury patients) and below (in
cervical injury patients) there were statistically significant changes
compared to the normal healthy controls, our sample size was small
to deduce the utility of these findings to a single subject’s treatment
and rehabilitation status. Future studies with a larger sample size
and with various ASIA categories are necessary to address this.

Conclusion

To quantitatively characterize both the functional and structural
organization of the spinal cord is an advancement that could po-
tentially aid in supporting diffusion imaging as a biomarker for
SCI. With the emergence of diffusion and tractography techniques,
we have entered an era in which we can reconstruct neuronal fibers
of the cord and quantify the mechanism that actuates the delicate
machinery of our CNS. Unfortunately, such complex structures are
vulnerable to injury. In this study, the effectiveness of DTI and
DTT of the cervical and thoracic pediatric spinal cord as indicators
of abnormal spinal cord conditions were examined. When com-
paring TD and SCI subjects, significant changes to DTI and DTT
parameters we observed. FA and tract density appear to be the most
sensitive parameters in assessing the state of the spinal cord in
pediatric chronic SCI. These DTI and DTT metrics have the po-
tential to provide clinical benefit. Previous studies from our group
evaluated the predictive validity of DTI by examining its diagnostic
accuracy for pediatric cervical SCL? Strong associations between
FA and clinical and MRI findings were reported. It has been shown
that FA has strongest overall predictor of each clinical end point
among other DTI measures ( MD, axial diffusivity, and radial
diffusivity) in pediatric cervical SCL? In the future, we plan to
examine diagnostic accuracy of both DTI and DTT measures of
entire pediatric SCI and further analyze the impact of DTI and DTT
on clinical findings. Therefore, we conclude that both DTI and DTT
have demonstrated to be potential imaging biomarkers in the
identification of spinal cord aberrations in SCI patients.
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