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Abstract
Objective To assess diffusion tensor imaging (DTI) param-
eters in cervical compressive myelopathy (CCM) patients
compared to normal volunteers, to relate them with
myelopathy severity, and to relate tractography patterns
with postoperative neurologic improvement.
Subjects and methods Twenty patients suffering from CCM
were prospectively enrolled (M:F=13:7, mean age,
49.6 years; range 22–67 years) from September 2009 to
March 2010. Sensitivity encoding (SENSE) single-shot
echo-planar imaging (EPI) was used for the sagittal DTI.
Twenty sex- and age-matched normal volunteers underwent
the same scanning procedure. Fractional anisotropy (FA)
and apparent diffusion coefficient (ADC) values in the
spinal cord were compared between the patients and normal
volunteers and were related to myelopathy severity based
on Japanese Orthopedic Association (JOA) scores. Tractog-
raphy patterns were related to myelopathy severity and
postoperative improvement.
Results There were significant differences between patients
and normal volunteers in terms of FA (0.498±0.114 vs.
0.604±0.057; p=0.001) and ADC (1.442±0.389 vs.
1.169±0.098; p=0.001). DTI parameters and tractography
patterns were not related to myelopathy severity. In ten
patients in the neurologically worse group, postoperative

neurologic improvement was seen in four of five patients
with intact fiber tracts, but only one of five patients with
interrupted fiber tracts exhibited neurologic improvement.
Conclusion DTI parameters in CCM patients were signif-
icantly different from those in normal volunteers but were
not significantly related to myelopathy severity. The
patterns of tractography appear to correlate with postoper-
ative neurologic improvement.
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Introduction

Diffusion tensor imaging (DTI) is a magnetic resonance
imaging (MRI) technique that evaluates the scalar proper-
ties of the diffusion of extracellular water molecules within
white matter fibers. DTI provides fractional anisotropy (FA)
and apparent diffusion coefficient (ADC) values. The FA
values reflect the global anisotropy of the analyzed
structure. In addition, fiber tractography can be obtained
using FA values [1–5].

Applications of DTI to the spinal cord have been
reported in cases of spinal cord compression, cervical
spondylosis, multiple sclerosis, neuromyelitis optica, acute
transverse myelitis, spinal cord arteriovenous malformation,
spinal cord injury, and astrocytoma [5–14]. Although DTI
is not in routine clinical use, it has proven to be an
invaluable tool for detecting subtle damage to white matter
that appears normal on conventional T2-weighted MR
images [1, 5, 6, 8, 10, 15, 16].

Demir et al. [6] reported that ADC values and diffusion
tensor measurements showed better sensitivity than T2-
weighted imaging in detecting myelopathy in cervical
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spondylotic myelopathy. DTI may have a role in grading
neurologic severity in cervical compressive myelopathy
(CCM) because it is known to provide objective measures
in terms of microstructural change. To our knowledge, no
report has correlated DTI parameters and different tractog-
raphy patterns with clinical severity and postoperative
results in CCM.

Several recently published reports about DTI in cervical
myelopathy have concluded that DTI parameters were
significantly different in compressive myelopathy [17–20].
However, few reports [21, 22] have compared DTI param-
eters and clinical severity, and there are no reports about the
relationship between DTI and postoperative results.

Our hypothesis is that DTI parameters and different
tractography patterns correlate with clinical severity in patients
with CCM. The purpose of this study was to assess DTI
parameters in CCM patients compared to normal volunteers, to
relate them to myelopathy severity, and to relate tractography
patterns to postoperative neurologic improvement.

Subjects and methods

Subjects

This study was approved by an institutional review board.
Informed consent was obtained. Patients scheduled for
cervical operations in the Department of Orthopedic
Surgery at our hospital during the period from September
2009 to March 2010 were prospectively enrolled in this
study. Inclusion criteria were (1) the patient’s willingness to
enroll in the study and (2) clear evidence of cord
compression on a cervical spine MRI, such as cervical
spondylosis, an ossified posterior longitudinal ligament, or
os odontoideum. One radiologist determined spinal cord
compression when the cord surface was clearly indented or
the cord diameter was narrowed by compression as a result
of one of the above-mentioned causes. Exclusion criteria
were (1) refusal by the patient or (2) trauma or infection-
related cord compression. There were 13 male and 7 female
patients, whose ages ranged from 22–67 years (mean age,
49.6 years). Twenty sex- and age-matched normal volun-
teers with no past history of neurological disorders and with
normal results of neurological examinations underwent the
same scanning procedure as the patients.

DTI technique

A 3-T MR scanner (Achieva, Philips Medical Systems,
Best, the Netherlands) was used. Sixteen-channel neuro-
vascular coils were applied to all subjects. Sensitivity
encoding (SENSE) single-shot echo planar imaging (EPI)
with a SENSE factor of 4 was used for the sagittal DTI of

the cervical spinal cord with a b-value of 600 s/mm2, 15
diffusion gradient directions, four excitations, and a slice
thickness of 2 mm [23]. The diffusion gradient strength was
40 mT/m, the foldover direction was anterior-posterior, and
the fat shift direction was posterior. The TR/TE was 3,380/
56 ms, the EPI factor was 19, the matrix was 128×128, and
the FOV was 250×224 mm. The scan time was 3 min 43 s.
The voxel size was 1.95×1.95×2 mm.

Fig. 1 Fiber tractography of the spinal cord in a 67-year-old male
(patient number 1). We selected two slices, one at the C1 level and one
at the C7 level. On the selected slice, we drew a circular region of
interest (ROI) to include the whole spinal cord in the axial image and
performed fiber tracking. Fiber tractography was displayed as itself
and overlapped with the T1-weighted image. Partially interrupted fiber
tracts were noted

Fig. 2 A 40-year-old male
(patient number 20) with a waist
fiber tract and a Japanese
Orthopedic Association (JOA)
score of 12.5. The waist mor-
phology was observed at the C4/
5 level by a herniated disc on
tractography (arrow). This
patient’s JOA score fell to 11.5
3 months postoperatively
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Measurements

After sending all source DTI images to a personal
computer, one technician who was blind to the clinical
conditions of each patient measured FA and ADC in the
cervical spinal cord at each spine segment level. Each
spine segment was selected for each disc level from C1/2
to C7/T1, in reference to the midsagittal T1-weighted
image. Next, FA and ADC measurements were taken for
each single voxel inside the spinal cord in the axial
image (Fig. 1). The average FA and ADC values for all
voxels inside the spinal cord at each spine segment level
were calculated.

DTI post-processing with fiber tracking

After sending all source DTI images to a personal
computer, one technician performed fiber tracking for the
cervical spinal cord using PRIDE software (Philips Medical
Systems) based on the FACT method [24]. From the axial
b=0 image, we selected two slices, one at the C1 level and
one at the C7 level. On the selected slice, we drew a
circular region of interest (ROI), including the whole spinal
cord and performed fiber tracking (Fig. 2). Only the fibers
passing through the ROI at both the C1 and C7 positions
for each subject were displayed. The thresholds for tracking
termination were 0.1 for FA and 27° for the angle between

Table 1 Clinical details of included patients

Number Age (years) Sex Cause of cord
compression

Symptom Symptom duration Level of cord
compression

1 67 M Spondylosis with
atlantoaxial instability

Left trapezius pain 6 months C1/2

2 50 F HIVD, OPLL Right hand clumsiness,
weakness in both legs,
walking difficulty

2 months C4/5, C5/6

3 45 M Spondylosis Left arm pain 1 year C3/4, C4/5, C5/6

4 53 F Spondylosis Weakness in both legs 10 months C3/4

5 61 F Spondylosis Pain in both arms, right
arm and right leg weakness,
left leg numbness

15 months C3/4

6 45 F Spondylosis Neck pain, pain and
weakness in both arms

2 months C3/4, C4/5

7 56 M Spondylosis Gait disturbance 2 years C4/5, C5/6

8 23 F Os odontoideum Posterior neck pain 2 months C1/2

9 41 M Os odontoideum Numbness in both arms
and legs

2 months C1/2

10 67 M OPLL Weakness in both
hands, gait disturbance

5–6 months C3/4, C4/5,
C5/6, C6/7

11 67 M Spondylosis Gait disturbance 5–6 years C5/6

12 52 M OPLL Posterior neck pain,
left arm pain

1 year C4/5, C5/6

13 41 M Spondylosis Left arm pain, left
index finger numbness

1 months C5/6

14 45 M OPLL Right forearm paresthesia 5 months C2/3, C3/4, C4/5,
C5/6, C6/7, C7/T1

15 22 F Skeletal dysplasia Sustained ankle clonus C2/3, C3/4, C4/5,
C5/6, C6/7

16 67 F Spondylosis Weakness in both arms
and legs, gait disturbance

4 months C3/4, C4/5, C5/6

17 49 M Spondylosis Paresthesia in both arms 4 years C1/2

18 54 M Condylus tertius and
C1 hypoplasis with
atlantoaxial instability

Paresthesia in both arms,
gait disturbance

2–3 months C1/2

19 46 M OPLL Paresthesia in both arms,
gait disturbance

1 year C2/3, C3/4, C4/5,
C5/6, C6/7, C7/T1

20 40 M HIVD Paresthesia in both legs 1 year C4/5, C5/6

OPLL Ossification of posterior longitudinal ligament, HIVD herniated intervertebral disc
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two contiguous eigenvectors in all subjects, which were set
as default parameters for spinal cord tractography by
Philips Medical Systems.

Clinical assessment

The clinical grade of cervical myelopathy was evaluated in
accordance with the Japanese Orthopedic Association
(JOA) score by one orthopedic surgeon [22, 25]. Patients
were placed in two groups according to their preoperative
JOA score: the neurologically better group (a score of 11 or
higher) vs. the neurologically worse group (a score of 10 or
less). The JOA scores were also evaluated 3 months after
surgery. For patients in the neurologically worse group,
postoperative neurologic improvement was defined as a
JOA score increase of more than three over the preoperative
JOA score at 3 months after surgery.

MR assessment

One radiologist who was blind to clinical information
reviewed the MR images, focusing on the level of spinal

cord compression, the number of levels of spinal cord
compression, and the presence of intramedullary high
signal intensity on T2-weighted MR images near the
compression level. If there were multiple levels of spinal
cord compression, the most severe compression level was
also determined by the radiologist.

Tractography evaluation

A radiologist who was blind to the patients’ clinical
information qualitatively described the tractography pattern
as completely intact, waist, partially interrupted, or com-
pletely interrupted. “Waist” was defined as fiber indentation
at the compression level without interruption. “Partially
interrupted” was defined as fiber interruption across parts of
the axial plane. “Completely interrupted” was defined as
fiber interruption across the entire axial plane [12].

Statistical analysis

Statistical analyses were performed by one radiologist (J.W.
L.). The Wilcoxon signed rank test was used to compare the

Table 2 FA and ADC values for the most severe compression level for patients vs. those for the matched level of the matched normal volunteers

Patient
number

Most severe
compression
level

FA in the spinal cord at
the most severe
compression level in
patients

ADC in the spinal cord at
the most severe
compression level in
patients

FA in the spinal cord at the
matched level in matched
normal volunteers

ACD in the spinal cord at
the matched level in
matched normal volunteers

1 C1/2 0.539 1.407 0.782 1.145

2 C5/6 0.451 1.764 0.651 1.299

3 C3/4 0.504 1.630 0.645 1.430

4 C3/4 0.663 1.130 0.621 1.050

5 C3/4 0.529 1.081 0.701 1.041

6 C3/4 0.352 1.998 0.494 1.125

7 C4/5 0.519 1.205 0.564 1.323

8 C1/2 0.558 1.492 0.684 0.999

9 C1/2 0.236 2.221 0.537 1.403

10 C5/6 0.583 1.076 0.647 .985

11 C5/6 0.543 1.106 0.724 1.007

12 C5/6 0.499 1.683 0.639 1.131

13 C5/6 0.450 1.339 0.661 1.083

14 C3/4 0.656 1.079 0.747 0.850

15 C3/4 0.293 1.973 0.528 1.218

16 C5/6 0.464 1.315 0.551 1.500

17 C1/2 0.597 1.212 0.579 1.301

18 C1/2 0.369 2.066 0.595 1.106

19 C3/4 0.544 .948 0.739 1.084

20 C4/5 0.606 1.115 0.693 0.991

Mean±
SD

0.498±0.114 1.442±0.389 0.604±0.057 1.169±0.098

FA Fractional anisotrophy, ADC apparent diffusion coefficient, SD standard deviation
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average FA and ADC values of the spinal cord at the most
severe compression level in the patients and at the same
level in the matched normal volunteers. Only for those who
showed no signal change in the spinal cord on T2-weighted
image were Wilcoxon signed rank tests also used to
evaluate differences of FA and ADC values of the spinal
cord at each matched level between patients (at the most
severe compression level) and normal volunteers.

Average FA and ADC values of the spinal cord at the
most severe compression level were compared between the
neurologically better group and the neurologically worse
group using the Mann-Whitney U test.

Four different tractography patterns were related to the
two groups (neurologically better vs. neurologically worse)
using the chi-squared test. Two separate patterns of
tractography [interrupted (both completely and partially)
vs. intact (completely intact and waist)] were also related to
the two groups (neurologically better vs. neurologically
worse) using the Fisher exact test.

Age differences were evaluated between the two groups
(neurologically better vs. neurologically worse) using the
Mann-Whitney U test. The presence of cord atrophy and
intramedullary high signal intensity on T2-weighted MR
images was related to the two groups (neurologically better

vs. neurologically worse) using the Fisher exact test. The
number of levels of cord compression was related to the
two groups (neurologically better vs. neurologically worse)
using the chi-squared test.

The PASW statistical package (17.0; SPSS, Chicago, IL)
was used for statistical calculations.

Results

The clinical details of the patients are shown in Table 1.
Average FA and ADC values of the spinal cord at the most
severe compression levels in the patients are compared with
those of the age- and sex-matched normal volunteers in
Table 2. The FA values for the most severe compression
levels in patients were significantly lower than those of
normal volunteers (0.498±0.114 vs. 0.604±0.057; p=
0.001). The ADC values for the most severe compression
levels in patients were significantly higher than those of
normal volunteers (1.442±0.389 vs. 1.169±0.098; p=
0.001). Four patients showed no abnormal signal change
in the spinal cord on T2-weighted images. For those four
patients, FA values for the most severe compression levels
were lower than those of normal volunteers (0.584±0.055

Table 3 MR features, diffusion tensor imaging parameters, and neurologic status of the patients

Patient
number

Number of
compression
levels

T2
HSIa

Cord
atrophy

Most severe
compression
level

FA in the spinal cord at
the most severe
compression level

ADC in the spinal cord at
the most severe
compression level

JOA
score

Neurologic
state

1 1 0 0 C1/2 0.539 1.407 14 Better

2 2 1 0 C5/6 0.451 1.764 10 Worse

3 3 1 0 C3/4 0.504 1.630 17 Better

4 1 1 1 C3/4 0.663 1.130 4 Worse

5 1 1 0 C3/4 0.529 1.081 1 Worse

6 2 1 1 C3/4 0.352 1.998 5 Worse

7 2 1 0 C4/5 0.519 1.205 15 Better

8 1 1 0 C1/2 0.558 1.492 17 Better

9 1 1 1 C1/2 0.236 2.221 10 Worse

10 4 1 1 C5/6 0.583 1.076 10 Worse

11 1 0 0 C5/6 0.543 1.106 15 Better

12 2 1 1 C5/6 0.499 1.683 14 Better

13 1 1 0 C5/6 0.450 1.339 13 Better

14 6 0 0 C3/4 0.656 1.079 16 Better

15 5 1 1 C3/4 0.293 1.973 15 Better

16 3 1 0 C5/6 0.464 1.315 6 Worse

17 1 0 0 C1/2 0.597 1.212 5 Worse

18 1 1 1 C1/2 0.369 2.066 7 Worse

19 6 1 0 C2/3 0.544 0.948 7 Worse

20 2 1 0 C4/5 0.606 1.115 13 Better

FA Fractional anisotrophy, ADC apparent diffusion coefficient, JOA score Japanese Orthopedic Association score
a Presence of intramedullary T2-high signal intensity near the compression level
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vs. 0.708±0.089; p=0.144) and ADC values for the most
severe compression levels were higher than those of normal
volunteers (1.201±0.149 vs. 1.076±0.193; p=0.144).
However, there was no statistical significance, which may
be due to the small sample size.

The MR features, DTI parameters, and neurologic status
of the patients are shown in Table 3. Table 4 shows how
DTI, clinical, and MR variables are related with neurologic
status. There was no significant difference of FA in the
spinal cord between the neurologically better and neuro-
logically worse groups (0.517±0.097 vs. 0.479±0.131; p=
0.684). There was also no significant difference of ADC

values in the spinal cord at the most severe compression
level between the two groups (1.481±0.479 vs. 1.403±
0.295; p=0.971). Tractography patterns were not signifi-
cantly related with neurologic status (Figs. 3, 4). Although
there was no statistical significance, one patient who
showed complete interruption of the fiber tract had a

Table 4 Diffusion tensor imaging, clinical and MR variables vs.
neurologic status

Neurologically
worse groupa

(n=10)

Neurologically
better groupb

(n=10)

p
Value

Lesion FAc 0.4788±0.1306 0.5167±0.0973 0.684

Lesion ADCd 1.4811±0.4794 1.4029±0.2948 0.940

Pattern of tractography

Completely
interrupted

1 0 0.613

Partially
interrupted

4 3

Waist 3 3

Completely intact 2 4

Fiber tract interruption

Interrupted
(completely or
partial)

5 3 0.325

Intact (waist or
completely intact)

5 7

Age (years) 53.30±9.056 45.80±15.583 0.218

Sex

M 5 8 0.350
F 5 2

Number of cord
compressions

2.20±1.687 2.40±1.776 0.796

Cord atrophy

Present 5 2 0.175
Absent 5 8

T2HSIe

Present 9 7 0.291
Absent 1 3

Data are average±standard deviation or numbers of patients
a Patients with a poor Japanese Orthopedic Association (JOA) score (JOA
≤ 0) preoperatively
b Patients with a good JOA score (JOA ≥ 11) preoperatively
c Fractional anisotropy (FA) values in the spinal cord at the most severe
compression level
d Apparent diffusion coefficient (ADC) values in the spinal cord at the
most severe compression level
e Presence of intramedullary T2-high signal intensity near the point
of compression

Fig. 3 A 22-year-old female (patient number 15) with partially
interrupted fiber tracts and a JOA score of 15. On T2-weighted sagittal
images, the cervical canal was narrowed at the C2/3, C3/4, C4/5, C5/
6, and C6/7 levels due to skeletal dysplasia (a). The fiber tract was
partially interrupted on tractography (b, arrows), but the patient was
included in the neurologically better group with a JOA score of 15

Fig. 4 A 46-year-old male (patient number 19) with completely intact
fiber tracts. Spinal cord compressions were seen at multiple cervical
levels and mostly at the C3/4 level by the ossified posterior
longitudinal ligaments (arrow) on T2-weighted sagittal image (a).
The fiber tract was completely intact on tractography (b). This patient
showed neurologically worse status preoperatively, with a JOA score
of 7, and postoperative improvement, with a JOA score of 16.5
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neurologically worse status (JOA score=3.5). Of six
patients who showed intact fiber tracts, four (67%) had
neurologically better status. Whether fiber tracts were
interrupted (completely or partially) or were intact (waist
or completely intact) was not significantly related with
neurologic status. Five of 8 patients (62.5%) with inter-
rupted tractography had neurologically worse status, but 5
of 12 patients (41.7%) with intact tractography had
neurologically worse status. There was also no significant
difference observed for correlations among age, sex, levels
of cord compression, presence of cord atrophy, or intra-
medullary high signals on the T2-weighted images for the
two groups. Although there was no statistical significance,
5 of 7 patients (71.4%) with cord atrophy showed
neurologically worse status, but 5 of 13 patients (18.5%)
without cord atrophy showed neurologically worse status.
Of four patients who did not show an intramedullary signal
change on T2-weighted MR images of the spinal cord, only
one showed neurologically worse status.

Of ten patients who showed neurologically worse status,
four of five patients (80%) with intact tractography showed
neurologic improvement after surgery, but only one of five
patients (20%) with interrupted tractography showed
postoperative neurologic improvement (Table 5) (Fig. 5).

Discussion

According to our study, there were significant differences
between patients and normal volunteers in terms of FA and
ADC, as has been found in previous reports [5, 6, 17–20].
Tractography patterns were not related to myelopathy
severity, but postoperative neurologic improvement was
more common in patients with intact fiber tractography
than in those with interrupted fiber tractography, which has
not been previously reported.

Several reports about DTI in cervical myelopathy have
been recently published and reported that DTI parameters
were significantly different in compressive myelopathy and
in normal volunteers, and that DTI was more sensitive than
conventional T2-weighted images [17–20]. These results
were similar to previous reports [5, 6], which concluded
that DTI parameters were better than conventional MR
images. In our study, we saw similar results. We observed
that FA and ADC values of the spinal cords of patients were
significantly different from those of normal volunteers. In
addition, in four patients who showed no abnormal signal
change in the spinal cord on T2-weighted images, FA
values were lower than those of normal volunteers and
ADC values were higher, which meant that DTI was more
sensitive than conventional MR images.

Aota et al. [22] studied the correlation of diffusion-
weighted MR in CCM with neurologic severity. They
concluded that ADC maps could show internal changes in
the early stages of chronic spinal cord compression but had
limitations in detecting intramedullary changes in late-stage
myelopathy. In our study, we compared these parameters
with myelopathy severity. According to our study, there
was no significant difference in DTI parameters between
the neurologically worse and neurologically better groups.

Kara et al. [20] reported there was no significant
difference between the duration of myelopathy and DTI
parameters. Budzik et al. [21] reported that FA values were

Table 5 Pattern of fiber tract interruption vs. postoperative neurologic
improvement in ten neurologically worse patientsa

Pattern of tractography No
improvement

Improvementb

Interruption (complete or
partial)

4 1

Intact (waist or completely
intact)

1 4

Data are numbers of patients
a The group of “neurologically worse patients” comprised those with a
JOA score of less than 10 preoperatively
b Improvement was defined as a JOA score increase of more than three at
3 months’ follow-up after surgery

Fig. 5 A 50-year-old female (patient number 2) with partially
interrupted fiber tracts. Spinal cord compression was seen at the C4/
5 and C5/6 levels by herniated discs (arrows) on the T2-weighted
sagittal image (a). The fiber tracts were partially interrupted on
tractography (b). This patient showed neurologically worse status
preoperatively, with a JOA score of 10, and no improvement
postoperatively, with a JOA score of 10
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significantly correlated with some of the patients’ clinical
scores. According to our results, there was no significant
difference in DTI parameters or type of tractography
between neurologically worse and neurologically better
groups, which was unexpected. We think this is a limitation
of current DTI techniques and suggest that current DTI
techniques cannot reveal the full microstructural damage of
the spinal cord. Although many articles have reported
positive results from DTI applications for the spinal cord,
we believe the clinical usefulness of DTI parameters should
be considered carefully. However, tractography may have a
role because it may have a correlation with postoperative
neurology recovery. According to our results, there were
many nonsignificant results, which may be due to limi-
tations of current DTI techniques.

According to our results, there was quite significant
intersubject variability in both the patient and control
groups. This is often seen in DTI studies. DTI can be
affected by many factors, such as age and spinal level [7,
10]. Thus, age and level-matched data for normal volun-
teers are necessary for the DTI studies.

Our study has some limitations. First, the number of
patients was limited; a larger series should be imaged in the
future. Second, clinical severity was measured by JOA
scores only; however, this is the most common method in
the CCM literature. Third, only symptomatic patients who
were scheduled for surgery were included. However, as
shown in Tables 1 and 3, the patients’ symptoms and
severity of myelopathy were variable. Fourth, the hetero-
geneity of the patient group is another limitation of the
study. Because the age, cause of cord compression,
compression level, and symptoms were different, it was
more difficult to find significant differences in this small
group of patients.

In conclusion, DTI parameters in CCM patients were
significantly different from those of normal volunteers but
were not significantly related with myelopathy severity. The
tractography patterns appear to correlate with postoperative
neurologic improvement.
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