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Objective To investigate the clinical usefulness of diffusion tensor imaging (DTI) and tractography in the
prediction of outcomes after traumatic cervical spinal cord injury (SCI) and to assess whether the predictability is
different between DTI and tractography administered before and after surgery.

Methods Sixty-one subjects with traumatic cervical SCI were randomly assigned to preop or postop groups and
received DTI accordingly. Among the patients who had DTI before surgery, we assigned 10 patients who had
received repeated DTI examinations at 8 weeks after injury to the follow-up group. Fractional anisotropy (FA)
and apparent diffusion coefficient (ADC) values were obtained from DTI, and imaginary fiber and crossing fiber
numbers were calculated from the tractography. Neurological status and functional status were assessed at 4 and 8
weeks after SCI.

Results The neurologic and functional statuses of both groups improved after 4 weeks. Out of the initial 61 patients
who were enrolled in the study, the failure rate of DTI image analysis was significantly higher in the postop group
(n=17, 41.5%) than in the preop group (n=6, 20%). The FA values and fiber numbers in the preop group tended to
be higher than those in the postop group, whereas ADC values were lower in the preop group. When comparing
the tractographic findings in the follow-up group, imaginary fiber numbers at the C6 and C7 levels and crossing
fiber numbers from the C3 to C6 levels were significantly decreased after surgery. Several DTI and tractographic
parameters (especially the ADC value at the C4 level and imaginary fiber numbers at the C6 level) showed
significant correlations with neurologic and functional statuses in both the preop and postop groups. These
findings were most prominent when DTI and physical examination were simultaneously performed.

Conclusion Preoperative DTI and tractography demonstrated better FA and ADC values with lower interpretation
failure rates than those obtained after surgery, whereas postoperative data significantly reflected the patient’s
clinical state at the time of evaluation. Therefore, DTI and tractography could be useful in predicting clinical
outcomes after traumatic cervical SCI and should be interpreted separately before and after spine surgery.
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Quantitative Analysis in Spinal Cord Injury

INTRODUCTION

Spinal cord injury (SCI) is one of the most life-changing
neurological conditions affecting individuals and the
health care system [1]. In recent studies, the prognoses of
patients with SCI have been predicted to some extent by
using magnetic resonance imaging (MRI) findings, such
as the intensity of the intramedullary hemorrhagic signal
and the degree of cord compression [2,3].

Conventional MRI is routinely used to evaluate dam-
age to spinal cord tissue. However, MRI provides little
information on the health and integrity of the spinal cord
tissue itself and the white matter; thus, it has limitations
in reflecting neurological and functional statuses [4].
Diffusion tensor imaging (DTI) is an MRI technique for
estimating the directional diffusivity of water that corre-
lates with axonal integrity [5]. DTI has been used for the
quantitative anatomical evaluation of white matter tracts,
and the relationship between DTI and clinical statuses
or outcomes has been previously studied [6,7]. However,
DTT has important technical limitations that can result in
images with low signals and artifacts due to the minute
size of the spinal cord or motion artifacts due to swallow-
ing, respiratory motion, and cerebrospinal fluid pulsation
(8].

Surgical intervention is performed in many patients
with SCI to re-establish and prevent secondary injury.
These interventions may affect the image sensitivities
of MRI and DTI due to artifacts, and their effects on the
neurologic and functional prognoses are still unclear.

We aimed to demonstrate the utility of DTI and trac-
trography in predicting the outcomes of patients after
cervical SCI and to determine whether the prediction ac-
curacy differs between DTIs performed before and after
surgical intervention.

MATERIALS AND METHODS

Subjects

We performed a prospective randomized clinical trial
involving acute stage cervical SCI patients resulting in
an American Spinal Injury Association impairment scale
(AIS) of B, C, and D. This study was approved by the
Dankook University Hospital Institutional Review Board
(No. 2018-05-037). Written informed consents were ob-
tained. The inclusion criteria were (1) age >18-years-old;

(2) incidences of acute traumatic injuries; (3) AIS B, C,
and D; (4) neurological levels of injury (NLI) correspond-
ing to C7 or higher; and (5) those patients who received
surgical management. Patients with any of the following
conditions were excluded: (1) combined or preexisting
brain lesions; (2) combined peripheral nerve injuries;
and (3) patients in which artifact-laden images were ob-
tained.

Of the 89 patients with SCI, 28 patients were excluded,
and a total of 61 patients were enrolled in this study. Fig.
1 shows the flowchart of the patients and a schematic
representation of the clinical trial design. These patients
were randomly assigned to the preop or postop groups,
with those patients who received DTI before surgery be-
ing assigned to the former group and the latter group be-
ing examined at 4 weeks after surgery. The patients who
had DTI before surgery and had a repeated DTI examina-
tion at 8 weeks after injury were assigned to the follow-up
group (Fig. 1).

A portion of the echo-planar images (EPIs) was of low
quality due to metal interference, patient movement dur-
ing imaging, and/or other unknown reasons, thus failing
to produce meaningful DTI and tractography data. The
failure rate of the DTI image analysis was significantly
higher in the postop group (n=17; 41.5%) than in the
preop group (n=6; 20%) (p=0.017, chi-square test).

Patients with
cervical SCI
(n=89)

Patients excluded
(n=28)

Patients enrolled
(n=61)

}—

Preop group Postop group
(n=24) (n=14)

Follow-up group
(n=10)

DTI with artifact
(n=21)

Baseline evaluation
DTI: postop group

Follow-up evaluation

DTI: preop group (s DTI: fO”OW'Up group

The day of injury 4 weeks 8 weeks

Fig. 1. Flowchart of a schematic representation of the
clinical study design. SCI, spinal cord injury; DTI, diffu-
sion tensor imaging.
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After excluding these cases, we used data from 38 pa-
tients with cervical SCI in this study (preop, n=24; postop,
n=14; follow-up, n=10). Due to the loss to follow-up and
DTI analysis failure rates (n=21; 34.4%), 10 patients were
finally included as the follow-up group. When a power
calculation was conducted by using G*Power version
3.1.9.2 (http://www.gpower.hhu.de/) and after setting
the alpha to 0.05 and beta to 0.20 based on the tracto-
graphic values, the required sample size for the follow-up
study was calculated to be nine subjects per group; thus,
the sample size for this study ensured adequate power to
detect statistical significance. All of the patients received
conventional physical and occupational therapy, includ-
ing gait training, strengthening exercises, and activities
of daily living (ADL) training. Physical and occupational
therapy was administered for 1 hour, 5 days per week for
4 weeks each.

Methods

Neurological assessment

The neurological assessment was performed according
to the International Standards for the Neurological Clas-
sification of Spinal Cord Injury (ISNCSCI) developed by
the American Spinal Injury Association (ASIA) [9]. The
baseline evaluation was performed at 4 weeks after injury
when the patients were transferred to the Department of
Rehabilitation Medicine, and a follow-up evaluation was
performed 8 weeks later. The AIS and NLI were deter-
mined for all of the patients. The upper extremity motor
scores (UEMSs) and the lower extremity motor scores
(LEMSs) were evaluated in 10 key muscle groups (C5, C6,
C7, C8, T1, L2, L3, L4, L5, and S1). Light touch (LT) and
pinprick (PP) sensory scores were separately recorded in
upper (UE; in C5 to T1) and lower extremity dermatomes
(LE; in L2 to S1).

Functional assessment

ADL performance was evaluated by using the Korean
version of the Modified Barthel Index (K-MBI) and Func-
tional Independence Measure (FIM) at 4 weeks (baseline
evaluation) and 8 weeks after injury (follow-up evalua-
tion). The K-MBI consists of 10 items and ranges from a
score of 0 (completely dependent) to 100 (independent
in basic ADLs) [10]. The FIM has 18 items that assess
function in six areas. Each item is graded based on the
level of independence from 1 (requiring total assistance)
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to 7 (completely independent). Three independent FIM
scores can be generated by summing individual items for
each category: a total score (FIM total: 18 items), a motor
score (FIM motor: self-care, sphincter control, and trans-
fer/locomotion), and a cognitive score (FIM cognitive:
communication and social cognition) [10]. In this study,
a total K-MBI score, a total FIM score, and three FIM mo-
tor item scores were selectively used.

Diffusion tensor imaging and tractography

For SCI patients who satisfied the inclusion criteria,
their inclusion in either test group was randomly deter-
mined. Preop groups had DTI performed on the day of
the injury, whereas the postop patients had DTI adminis-
tered 4 weeks after the injury.

Multiplanar MRI of the cervical spine was acquired on
a 1.5T MR scanner (Signa; GE, Milwaukee, WI) by using
a T2-weighted fast spin-echo (FSE) sequence in all of
the patients. Diffusion tensor imaging was obtained via
diffusion-weighted single-shot EPIs between the spinal
levels of C2 and T1.

The imaging parameters were as follows: image ma-
trix=256x256; voxel dimensions=0.9375x0.9375 mm; sec-
tion thickness=4 mm with no intersection gap; FOV=240
mm; NEX=1; scan time=4 minutes and 9 seconds; and
number of slices=24-28 (according to the length of the
entire cervical spine in each patient). Diffusion encod-
ing was performed in 25 noncollinear gradient directions
with 2 b values (b=0 and 500 s/mm?®). Each EPI cervi-
cal level was determined by using axial and sagittal T2-
weighted images of the same subject.

The investigator who analyzed the DTI images was
blinded to the clinical statuses of the patients. We deter-
mined the spinal cord levels C3 to C7 on DTI by contrast-
ing the sagittal view of the T2-weighted MRI. Rotationally
invariant parameters, such as the fractional anisotropy
(FA) and apparent diffusion coefficient (ADC) values,
were calculated on a voxel-by-voxel basis by using the
Diffusion Toolkit (version 0.6.4) and were visualized by
using TrackVis software (version 0.6.1; Massachusetts
General Hospital, Boston, MA, USA, available free at
http://www.trackvis.org) for the quantitative analysis.
Anisotropy refers to the preferential diffusion of mol-
ecules in a single direction, with white matter tracts be-
ing highly anisotropic structures and thus having high FA
values. ADC values, which are also known as the mean
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Fibers at C3 (red)

Spinal cord at C3

Crossing fibers: C3-5 ( )

Crossing fibers: C3-6 (green)

Spinal cord at C6
Crossing fibers: C3-7 (blue)
Spinal cord at C7

diffusivity, were obtained by averaging diffusivities along
the three principal axes for each voxel, thus reflecting the
degree of myelination/fiber organization [5]. For the FA
and ADC analyses, two axial EPIs at each cervical cord
level from C3 to C7 (C3, C4, C5, C6, and C7) were se-
lected, and a total of 16 voxels in four directions (anterior,
posterior, right, and left lateral directions) at each level
were chosen based on a previous study [7].

Tractography, which reconstructs fiber projections
throughout the white matter, produces a voxelwise map
of fiber orientation [11]. The number of fiber projections
is the number of reconstructed streamlines penetrating
the specified region of interest (ROI) in the axial plane
from C3 to C7. The number of imaginary fibers crossing
the ROIs of the two cervical levels (C3 and C5, C3 and C6,
and C3 to C7) was calculated (Fig. 2).

Statistical analysis

Statistical analyses were performed by using PASW
Statistics version 23 (IBM Corp, Armonk, NY, USA). The
Mann-Whitney U test was used to compare the numeri-
cal data between the two groups. The Pearson chi-square
test was used to analyze the baseline categorical data,
such as sex, cause, initial NLI and AIS, and the failure
rate of the DTI analysis between the preop and postop
groups. A Wilcoxon signed-rank test was performed to
compare the changes in the neurologic scores, functional
scores, and quantitative DTI parameters between the
initial and follow-up statuses of patients in the follow-up
group. A Spearman correlation analysis was performed to
delineate the relationships between the neurologic and

Fig. 2. Example of tractographic
analysis.

functional assessments and the quantitative DTI param-
eters (FA, ADC, fiber numbers, and connection rate) at
each cervical level. A p-value less than 0.05 was consid-
ered to be statistically significant.

RESULTS

In this study, we analyzed whether neurologic, func-
tional, and DTI parameters changed after surgery com-
pared to preoperative statuses. Between the preop and
postop groups, there were no differences in age, sex,
cause of trauma, initial NLI, or AIS scores. The most
common NLI was C5, and the severity of most of the
subjects’ impairments according to the ISNCSCI was AIS
D. Patients underwent anterior cervical discectomy and
fusion (ACDF), lateral mass fixation, laminectomy, or
laminoplasty surgeries. In addition, ACDF was the most
common treatment among patients, whereas there was
no difference in surgical treatment approaches between
the two groups (Table 1). Both groups showed significant
improvements on the UEMS, K-MBI, the three motor
subscales (self-care, sphincter control, and transfer/loco-
motion), and total FIM scores after 4 weeks. In addition,
there was a significant improvement in the LT sensory
score and the total sensory score of UE in the preop
group. There were no significant differences between the
preop and postop groups (Table 2).

When comparing the quantitative DTI parameters of
the two groups, there were significant differences in sev-
eral parameters. FA values at the C3 and C4 levels were
significantly higher in the preop group than in the postop
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Table 1. Baseline characteristics of the preop and postop
groups

Preop group Postop group

(n=24) e PO

Age (yr) 57.71413.49  55.71+9.83  0.431?
Sex, male 23 (95.8) 11(78.6)  0.132
Cause 0.407”

Traffic accident 14 (58.3) 7 (50.0)

Slip down 6(25.0) 3(21.4)

Direct trauma 3(12.5) 1(7.1)

Fall down 1(4.2) 3(21.4)
Initial NLI 0.114”

c2 5(20.8) 1(7.1)

C3 6 (25.0) 2(14.3)

ca 5(20.8) 4(28.6)

c5 4(16.7) 5(35.7)

C6 0(0) 2(14.3)

c7 4(16.7) 0(0)
Initial AIS 0.525"

B 2 (8.3) 0(0)

C 4(16.7) 3(21.4)

D 18 (75.0) 11(78.6)
Surgery type 0.058"

ACDF 13 (54.2) 12 (85.7)

Lateral mass 6(25.0) 1(7.1)

fixation
Laminectomy 0(0) 1(7.1)
Laminoplasty 5(20.8) 0(0)

Values are presented as meantstandard deviation or
number (%).

NLI, neurological level of injury; AIS, American Spinal
Injury Association impairment scale; ACDEF, anterior cer-
vical discectomy, and fusion.

“Mann-Whitney test, ”Pearson chi-square test.

group, and ADC values at the C3, C4, C5, and C7 levels
were significantly lower in the preop group than in the
postop group. When comparing FA and ADC values at
each patient’s level of injury, ADC values at the level of
injury were significantly lower in the preop group than in
the postop group. Moreover, fiber numbers at all levels
(C3, €4, C5, C6, and C7 levels) were significantly higher
in the preop group than in the postop group, but there
were no differences in crossing fiber counts (Table 3).
Spearman correlation coefficients between preopera-
tive DTI parameters and the patients’ baseline ISNCSCI
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motor/sensory scores and K-MBI and FIM scores (at 4
weeks after injury) demonstrated that FA at the C7 level
correlated with LEMS (r=-0.601). In addition, the ADC
values at the C4 level and fiber numbers at the C3 and C7
levels were significantly correlated with the baseline PP
sensory score of the UE (r=-0.471, r=0.442, and r=0.417,
respectively). Moreover, the FA and ADC values at the
C7 level before surgery correlated with the LEMS (r=-
0.601 and r=0.722, respectively). The FA values at the C3
level were associated with the baseline total FIM score
(r=0.476), and the fiber numbers at the C3 level were as-
sociated with the baseline sphincter control subscale of
FIM (r=0.474).

When comparing the preoperative DTI parameters
and the follow-up clinical statuses (at 8 weeks after the
injury), FA values at the C4 level before surgery were as-
sociated with the LT sensory score of UE after 8 weeks.
ADC values at the C4 level before surgery were also sig-
nificantly correlated with LT and the total sensory score
of UE (r=-0.622 and r=-0.561, respectively). In addition,
ADC values at the C5 and C7 levels before surgery were
associated with LEMS. Moreover, fiber counts at the C6
level were associated with the self-care subscale and total
FIM scores, and fiber numbers at the C7 level were cor-
related with the same items and K-MBI (Table 4).

When comparing the postoperative DTI parameters
and baseline clinical statuses, which were performed at
similar periods (at 4 weeks after the injury), many values
showed significant associations (Table 5). The FA values
at the C3 level after surgery were highly associated with
UEMS (r=0.736). Additionally, the ADC values at the C4
and C5 levels, fiber numbers at the C3, C4, C5, and C6
levels, and crossing fiber numbers from the C3 to C5 lev-
els after surgery were associated with LEMS. Many of the
postoperative fiber numbers and crossing fiber numbers
were associated with the functional scores. Furthermore,
the fiber numbers at the C4 to C6 levels and crossing fiber
numbers from the C3 to C5 and C3 to C6 levels after sur-
gery were correlated with the K-MBI score. Additionally,
the crossing fiber numbers from C3 to C7 after surgery
were related to the self-care subscale of the FIM score.
The fiber numbers at the C3 to C6 levels (r=0.61, r=0.694,
r=0.804, and r=0.632, respectively) and the crossing
numbers from the C3 to C5 and C3 to C6 levels (r=-0.676
and r=0.628, respectively) correlated with the sphincter
control subscale of the FIM score. Moreover, the fiber
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Table 2. Neurologic and functional changes between the preop and postop groups

Preop group (n=24)

p-value®

Postop group (n=14) (preop vs. postop)

Baseline Follow-up p-value” Baseline Follow-up p-value” Baseline Follow-up
Upper extremity
Motor 29.25%13.53 36.78+13.44 0.000* 31.29+12.29 39.57+9.14  0.001* 0.422 0.851
Sensory
Light touch 14.04+3.98 15.87+4.33  0.012* 12.79+4.34 14.43+4.60  0.068 0.220 0.301
Pinprick 15.58+4.38 16.78+4.38  0.100 12.86+4.29 14.43+4.60  0.109 0.045* 0.118
Total 29.63+7.82 32.65£8.20  0.012* 25.64+8.63 28.86+9.21  0.144 0.104 0.314
Lower extremity
Motor 39.88+17.19 40.52+17.41 0.440 44.00%10.55 48.21+3.73  0.068 0.363 0.321
Sensory
Light touch 16.96+4.39 16.87+5.29  0.888  14.64%+4.99 14.64+4.99  1.000 0.168 0.145
Pinprick 17.21+4.13 16.78+5.55  0.750  14.64%4.99 14.64+4.99 1.000 0.128 0.145
Total 34.17£8.30 33.65+10.77 0.888  29.29+9.97 29.29+9.97  1.000 0.161 0.185
K-MBI 30.13+28.82 53.41+34.76 0.000* 47.36+£38.23 71.44+31.28 0.028* 0.113 0.184
FIM
Self-care 12.46+7.18 18.73x12.11 0.001* 18.64%13.77 28.67+14.97 0.042* 0.314 0.052
Sphincter control ~ 8.88+5.09 11.27+4.59  0.008*  9.64+4.80 12.44+3.13  0.039* 0.705 0.532
Transfer/locomo- 10.71+7.17 17.91£11.23 0.001* 17.86+12.37 23.78+12.12 0.042* 0.123 0.203
tion
Total 65.58+£19.99 82.23+27.60 0.000* 81.36+29.10 98.56+30.35 0.043* 0.130 0.191

Values are presented as meantstandard deviation.

K-MBI, Korean version of the Modified Barthel Index; FIM, Functional Independence Measure.

“Mann-Whitney test, "Wilcoxon sum rank test.
*p<0.05.

numbers at the C5 and C6 levels and crossing numbers
from the C3 to C5 and C3 to C7 levels correlated with the
transfer/locomotion subscale of the FIM score. The fiber
number at the C4 and C5 levels and all of the crossing
fiber numbers (C3 to C5, C3 to C6, and C3 to C7 levels)
were associated with the total FIM scores.

In a comparison of the postoperative DTI parameters
and the follow-up clinical scales (8 weeks after injury),
there were a limited number of correlations. The ADC
values at the C4 level (r=0.572) and fiber numbers at the
C5 and C6 levels were significantly correlated with the
follow-up LEMS (r=-0.658 and r=0.575, respectively).

In the follow-up group who underwent initial DTI and
follow-up DTI, the UEMS and LT sensory scores of the
UE and all of the functional scores were significantly
improved after 4 weeks. When comparing initial and
follow-up tractography data, the fiber numbers at C6 and
C7 levels and the crossing fiber numbers from C3 to C6

levels were significantly higher in initial values than in
follow-up values. Fig. 3 shows the fiber tractography of 10
patients in the follow-up group. Furthermore, imaginary
fibers at the C3 and C6 levels and crossing fibers from the
C3 to the C6 levels were compared before and after sur-
gery. Four weeks after surgery, all of the patients showed
improvements in UEMS, K-MBI, and FIM compared to
the baseline values. However, the number of fibers at the
C3 and C6 levels and the number of crossing fibers from
the C3 to C6 levels in 8 patients were postoperatively de-
creased compared to pre-operation.

DISCUSSION

The UEMS and functional statuses of cervical SCI pa-
tients were significantly improved after 4 weeks, and
there were no differences between the preop and postop
groups. Preoperative FA values at the C3 and C4 levels
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Table 3. DTI parameters between the preop and postop groups

Preop group (n=24) Postop group (n=14) p-value
FA
C3 0.772+0.078 0.606+0.112 0.000*
C4 0.700+0.102 0.568+0.136 0.006*
C5 0.664+0.102 0.612+0.120 0.066
C6 0.609+0.134 0.604+0.153 0.873
C7 0.676x0.125 0.573+0.173 0.085
Cinj 0.621+0.110 0.607£0.171 0.575
ADC
C3 0.845+0.133 1.165%0.396 0.001*
C4 0.877%0.179 1.202+0.394 0.003*
C5 0.893+0.184 1.133+0.381 0.016*
C6 0.926+0.251 1.084+0.347 0.060
C7 0.777+0.346 1.134+0.372 0.009*
Cinj 0.902+.0241 1.178+0.432 0.015*
Fiber No.
C3 1245.78+279.24 874.36%+415.10 0.009*
C4 1267.48+294.06 736.36+477.08 0.001*
C5 1262.09+313.31 618.57+440.89 0.000*
C6 1157.04+293.19 432.79+373.51 0.000*
C7 813.65+430.23 288.71+299.86 0.000*
Crossing fiber No.
C3-5 348.48+300.92 259.43+275.32 0.363
C3-6 235.70+275.26 143.93+236.59 0.137
C3-7 49.61+128.45 63.64+155.04 0.484

Values are presented as meantstandard deviation.

DTI, diffusion tensor imaging; FA, fractional anisotropy; Cinj, cervical spinal cord level of injury; ADC, apparent diffu-

sion coefficient.
*p<0.05, Mann-Whitney test.

and fiber numbers at all levels were significantly higher
than the postoperative values. In contrast, the ADC val-
ues at the C3, C4, C5, and C7 levels were significantly
lower than the postoperative values. Fiber numbers and
crossing fiber numbers after surgery were significantly
decreased compared to before surgery.

FA measures the “magnitude” of total diffusion, and
this effect has been attributed to anisotropic diffusion,
with 0 indicating isotropic diffusion, and 1 denoting infi-
nite anisotropy; in addition, FA values closer to 1 indicate
a high degree of anisotropy. Any damage to the axonal
membrane results in diffusion becoming unrestricted
and isotropic. Moreover, the ADC or mean diffusivity is
a measure of the average diffusion in all directions, with
a low ADC value indicating that the nerve fibers are or-
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ganized, whereas a high value indicates disorganization
within the fiber tracts [12]. Previous studies have shown
that SCI patients have lower FA values and higher ADC
values than controls [7,13]. Physical trauma can lead to
the disruption of axons, thus causing disorganization of
the spinal cord white matter and creating barriers to the
diffusivity of the water molecules [14].

In this study, the postoperative FA values were lower
than the preoperative FA values, and the postopera-
tive ADC values were higher than the preoperative ADC
values. Therefore, this indicates that postoperative DTI
has demonstrated axonal membrane damage and disor-
ganization within fiber tracts compared to preoperative
DTI. This may be influenced by the difficulty in analyz-
ing postoperative DTI. Metallic implants located within
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NLI | AIS Baseline Follow-up NLI | AIS Baseline Follow-up
UEMS | LEMS | K-MBI | FIM |[UEMS| LEMS | K-MBI| FIM UEMS | LEMS | K-MBI| FIM | UEMS | LEMS [ K-MBI| FIM
Case 1| C2 D 33 50 91 108 42 50 98 121 Case2| C4 D 31 40 25 62 48 48 79 93
C3 track C6 track C3-6 Track C3 track C6 track C3-6 Track
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UEMS | LEMS [ K-MBI| FIM |UEMS [ LEMS | K-MBI| FIM UEMS | LEMS | K-MBI| FIM |UEMS [ LEMS | K-MBI| FIM
Case3| C5 D 28 45 28 68 32 45 64 84 Case4| C4 D 30 50 12 58 45 50 65 87
C3 track C6 track C3-6 Track C3 track C6 track C3-6 Track
Preop Follow-up Preop Follow-up Preop Follow-up Preop Follow-up Preop Follow-up Preop Follow-up
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UEMS | LEMS [ K-MBI| FIM | UEMS [ LEMS | K-MBI| FIM UEMS | LEMS | K-MBI| FIM |UEMS [ LEMS | K-MBI| FIM
Case 5| C3 [} 13 10 0 48 23 25 0 48 Case 6| C3 C 14 25 2 49 37 35 42 73
C3 track C6 track C3-6 Track C3 track C6 track C3-6 Track
Pre-op Follow-up  Preop Follow-up Preop Follow-up Preop Follow-up Preop Follow-up Preop Follow-up
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NLI | AIS Baseline Follow-up NLI | AIS Baseline Follow-up
UEMS | LEMS [ K-MBI| FIM | UEMS [ LEMS | K-MBI| FIM UEMS | LEMS | K-MBI| FIM |UEMS [ LEMS | K-MBI| FIM
Case7| C4 D 14 45 2 51 12 45 13 53 Case 8| C3 D 10 50 18 58 33 50 57 82
C3 track C6 track C3-6 Track C3 track C6 track C3-6 Track
Preop Follow-up  Preop Follow-up Preop Follow-up Preop Follow-up Preop Follow-up Pre-op Follow-up
1,063 914 1,079 456 13 0 1,060 973 1,114 1,122 157 0
)
1 i f —_—
7
» ( » » Aw »
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NLI | AIS Baseline Follow-up NLI [ AIS Baseline Follow-up
UEMS | LEMS [ K-MBI| FIM | UEMS [ LEMS | K-MBI| FIM UEMS | LEMS | K-MBI| FIM |UEMS [ LEMS | K-MBI| FIM
Case 9| C3 D 10 50 18 58 33 50 57 82 Case 10| C7 D 25 50 50 75 39 50 69 95

Fig. 3. Fiber tractography and fibers numbers at the C3 and C6 levels and crossing fiber numbers from the C3 to C6
levels before surgery and after 4 weeks in the follow-up group (n=10). NLI, neurological level of injury; AIS, American
Spinal Injury Association impairment scale; UEMS, upper extremity motor score; LEMS, lower extremity motor score;
K-MB]I, Korean version of the Modified Barthel Index; FIM, Functional Independence Measure.
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the spine can cause geometric distortions that may cause
inaccuracies in the measurement of DTI parameters and
tractography [15]. This was also demonstrated in our
study, wherein the failure rate of DTI analysis was more
than doubled after surgery than before surgery.

Several animal studies have examined changes in
quantitative DTI parameters of spinal cord tissue during
the acute period [16-18]. One of these studies reported
a decrease in axial diffusivity (AD), which is a measure
of diffusion parallel to the spinal cord following injury,
which could be used to distinguish SCI according to its
severity. The reduction in AD was shown to be correlated
with locomotor recovery [18]. Similarly, in this study, FA
and ADC values at the C3 level were associated with the
LEMS and the locomotion/transfer subscale of FIM.

In a study examining the optimal timing for obtaining
DTI in SCI, several studies have shown that FA reductions
in DTI performed within 3 hours or at the middle time
point of 24 hours after SCI is the best time for identifying
the injury severity [18,19]. However, in this study (and
unlike in previous studies), the preoperative DTI per-
formed on the same day as the SCI was not significantly
better than the postoperative DTI in predicting the prog-
nosis after SCI.

In a previous study, motor and sensory scores of the
ISNCSCI were positively correlated with FA and nega-
tively correlated with ADC values in chronic SCI patients
[2]. The correlation between the reduction in diffusivity
and the severity of SCI could help to quantify the amount
of spared neural tissue in the spinal cord and to provide
an estimate of functional recovery after injury [14]. In an-
other study, crossing fiber numbers and connection rates
calculated from tractography showed strong correlations
with motor scores from C5 to T1 levels in cervical spi-
nal cord injury patients [7]. In this study, as in previous
studies, both motor and sensory scores and functional
scores demonstrated the same trend. Additionally, fiber
numbers and crossing fiber numbers were also positively
correlated with clinical status. In both preoperative and
postoperative DTI, many parameters showed a correla-
tion with neurologic and functional statuses. However,
this correlation was different between the preoperative
and postoperative DTIs, and it was also different accord-
ing to the clinical status at each time point. The most sig-
nificant correlation was found when the DTI and clinical
status were performed simultaneously. In particular, the
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postoperative fiber numbers at the C3 to C6 levels were
most strongly correlated with the baseline K-MBI and
FIM scores at 4 weeks after the injury. The postoperative
DTI parameters significantly reflected the clinical state at
the time of the evaluation.

This study had several limitations. First, the initial time
of performing DTI and tractography was different in the
preop and postop groups. The initial DTI of the preop
group was performed on the same day as SCI, but the
initial DTI of the postop group was performed at 4 weeks
after SCI. In addition to metal implants, the pathologi-
cal process of the injured spinal cord or surrounding
tissues over 4 weeks in the spine may have affected DTI
and tractographic findings. Second, the types of surgery
performed with patients are diverse. Spine surgeons can
use various methods, such as closed or open reduction,
decompression, and anterior or posterior fixations, de-
pending on the injury condition of the cervical spine.
There was no significant difference according to the type
of surgery between the two groups, but the surgery meth-
ods may affect DTI and the tractographic findings. Third,
the sample size of each group was small, and the follow-
up period was not long enough to delineate the long-
term neurological and functional prognostic values of
the DTI and the tractographic findings. Last, there were
no accurate statistical data regarding the epidemiology
of patients with spinal cord injury in Korea. Therefore,
based on statistics in the United States, the most com-
mon AIS in incomplete cervical SCI patients was AIS D
(58%) [20]. In our study, the most common AIS grade was
AIS D (76%). The difference in the ratios could be consid-
ered a limitation.

Nevertheless, the most meaningful significance of this
study is (to our knowledge) that it is the first study to
clarify the relationship and prognostic power of DTI and
tractography by individually analyzing preoperative and
postoperative DTI in cervical SCI patients.

In conclusion, we performed DTI and tractography
before and after surgery in cervical SCI patients and
found correlations with their neurological and functional
statuses. DTI and tractographic findings before surgery
showed better FA and ADC values, more fiber numbers,
and a lower failure rate for interpretation than those
taken after surgery. However, the preoperative imaging
findings could not reflect the neurological and functional
prognoses better than the postoperative findings. The
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postoperative images showed better correlations with
the neurological and functional statuses when both were
executed at similar time frames. Therefore, DTI and trac-
tography in cervical SCI patients should be separately
interpreted before and after spine surgery.
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