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Abstract
Introduction The radiological diagnosis of cervical spon-
dylotic myelopathy (CSM) has to be made as soon as
possible, since surgery performed in earlier stages during
the course of CSM was reported to be more successful
when compared with later stages. We hypothesized that
diffusion tensor imaging (DTI) may detect CSM in earlier
stages, before the appearance of signal increase in T2-
weighted sequences.

Methods A total of 16 patients with neurological signs and
symptoms of CSM but without hyperintensity in spinal
cord on T2-weighted sequences enrolled in the study. The
magnetic resonance (MR) examinations were performed on a
3-T MR imaging system. Apparent diffusion coefficient
(ADC) and fractional anisotropy (FA) maps were generated
on axial plane. The ADC and FA measurements in each
individual were made at the level of most severe cervical canal
stenosis and at a nonstenotic level. Student’s t test was used to
compare FA and ADC values of the spinal cord in stenotic
and nonstenotic segments. We also investigated if there was
a correlation between DTI parametrics and duration of
clinical symptoms by using Pearson correlation analysis.
Results All patients showed changes in DTI parametrics at
stenotic segments. While FA values of the spinal cord at the
stenotic level showed a statistically significant reduction,
there was a statistically significant increase in the measured
ADC values (p<0.001). There was no statistical correlation
between the duration of symptoms and DTI parametrics.
Conclusion Our preliminary findings indicate that DTI may
show abnormalities in the spinal cord before the develop-
ment of T2 hyperintensity on conventional sequences in
patients with CSM.
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Introduction

Cervical spondylotic myelopathy (CSM) is the most serious
complication of cervical spondylosis and the most common
cause of spinal dysfunction in the elderly [1–4]. Its
diagnosis is based primarily on clinical manifestations.
Magnetic resonance imaging (MRI) is a useful tool for
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evaluating the spinal cord, where increased signal intensity on
T2-weighted images may be observed at the level of the spinal
canal stenosis. However, this finding is not seen in every patient
with clinical signs of myelopathy, and its sensitivity is reported
to be low (between 15% and 65%) [4–7]. Furthermore,
increased signal intensity on T2-weighted sequences is
generally observed only in later stages of the disease [8].
However, the diagnosis of CSM must be made as early as
possible, since the results of surgical treatments are better in
mildly affected individuals than in those severely affected [4,
9–14]. Therefore, newer neuroimaging strategies are needed
for the demonstration of structural changes in the spinal cord
before the development of T2 hyperintensity. Preliminary
reports have shown that spinal applications of advanced MRI
techniques such as diffusion weighted imaging (DWI) and
diffusion tensor imaging (DTI) may be useful in understand-
ing pathophysiology and early detection of spinal cord
involvement by various pathologic processes [15–17]. DTI is
a novel sequence that evaluates the translation of extracellular
water molecules within the white matter fibers providing
quantitative measurements and three-dimensional reconstruc-
tion of the white matter tracts. From the diffusion tensor
matrix, several scalar metrics may be calculated. Fractional
anisotropy (FA) is one of these parameters, which indicates
the degree of anisotropy [18]. It is reported that FA has higher
sensitivity to detect abnormal areas inside the cord, compared
with conventional T2-weighted imaging [8, 19–21]. There are
also studies that investigated the DTI findings of patients with
CSM in an early clinical stage using 0.2- and 1.5-T systems
[20, 22]. In light of preliminary studies, we think that DTI may
provide further information about early detection of CSM. To
achieve this, we evaluated the FA and apparent diffusion
coefficient (ADC) values of spinal cord in patients with clinical
manifestations of CSM, whose conventional MRI examina-
tions showed no abnormal signal in T2-weighted sequences.

Materials and methods

Patient selection

This prospective study was performed between May 2009
and May 2010 with close cooperation of departments of
orthopedic surgery, neurosurgery, neurology, and radiology.
Only patients who met both of the following criteria were
enrolled in the study: (a) patients with symptoms and signs
of purely cervical myelopathy examined by a neurosurgeon
or neurologist and (b) MRI findings consistent with cervical
canal stenosis, but without signal changes in spinal cord on
T2-weighted images. The exclusion criteria were as
follows: (a) patients who had increased signals on T2-
weighted images of the cervical spinal cord, (b) previous
spine surgery, (c) history of cervical trauma, (d) history of

stroke and other neurological disease, (e) cervical radiculopathy
with no clinical evidence of cervical myelopathy, (f) patients
without radiological evidence of cervical canal stenosis, and (e)
contraindication to MRI (including severe claustrophobia). The
institutional review board approved our study, and informed
consent was obtained from all of the patients.

Imaging protocols

The MR examinations were performed on a 3-T MRI system
(GE Healthcare, Milwaukee, WI, USA). The MRI protocol
routinely included sagittal T2-, sagittal T1-, and axial T2-
weighted FSE sequences and a 25-direction single-shot
echo-planar imaging (EPI)-based DTI sequence in an axial
plane. The parameters of the DTI sequence were repetition
time/echo time=5,000/85 ms, matrix size ¼ 128� 128,
FOV=200 mm, b value of 500 s/mm2, slice thickness/
spacing=4.00/0.5 mm, and 16 slices. To reduce the
susceptibility artifacts, volume shim over 140 mm has been
used in the DTI protocol during the slice prescription.

Data processing and measurements

Acquired DTI images were processed using commercially
available software (Functool DTI processing, GE Health-
care, Milwaukee, WI, USA) to produce ADC and FA maps
of acquired axial slices. The EPI artifacts reduction option
was used on all data sets in order to reduce typical EPI
related artifacts such as eddy currents and geometric
distortion. Furthermore, to reduce the measurement errors,
the ADC and FA measurements were made on the axial
plane at four sites in each individual. The first two regions
of interest (ROIs) were placed at nonstenotic levels of the
spinal cord, typically the C2–C3 level (Figs. 1 and 2). The
last two sites were at the level of most severe cervical canal
stenosis (Figs. 1 and 3). Instead of healthy individuals, we
preferred to make measurements from upper nonstenotic
segments (e.g., C2–C3 level) as a control group, since the
study of Facon et al. showed that the comparison of FA and
ADC values of healthy volunteers and on healthy areas of
patients with spinal cord compression did not show a
statistically significant difference [21]. The measurements
were made by using a small ROI, which included both gray
and white matter. The morphology and the cross-sectional
area of the spinal cord were different between stenotic and
nonstenotic segments. Therefore, the sizes of ROIs were
not the same always in stenotic and nonstenotic segments
and between patients and ranged from 40 to 60 mm2.

Statistical analysis

Student’s t test was used to compare FA and ADC values of
the spinal cord in stenotic and nonstenotic segments. We
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also investigated if there was a correlation between DTI
parametrics and duration of clinical symptoms by using
Pearson correlation analysis. p values smaller than 0.05 was
considered as “statistically significant.”

Results

A total of 16 patients (ten females and six males) met the
inclusion criteria and enrolled in the study. Patients’ age
varied between 27 and 86 years (mean 59.9 years). The
mean duration of symptoms was 42.1 months (ranged from
8 to 120 months). Patients’ neurological findings were
summarized in Table 1. All of the patients showed DTI
abnormalities in stenotic segments when compared with
nonstenotic segments. The FA and ADC values of spinal
cord of each individual measured at nonstenotic segments
are given in Table 2. The FA and ADC measurements
obtained from stenotic segments are shown in Table 3. At
the nonstenotic segment, the mean FA and ADC values
were 0.65±0.04 and 1.01±0.19 (in 1×10−3 mm2/s),
respectively. At the stenotic segment, the mean FA and
ADC values were 0.47±0.07 and 1.40±0.37 (in 1×
10−3 mm2/s), respectively (Table 4). While FA values of
the spinal cord at the stenotic level showed a statistically
significant reduction, there was a statistically significant

increase in the measured ADC values (p<0.001). We also
observed that FA values were pretty consistent from one
patient to another and resulted in a smaller standard
deviation compared to ADC measurements. There was no
statistical correlation between the duration of symptoms
and DTI parametrics.

The symptoms were resolved in all of the surgically
treated patients (10 of 16). However, we were not able to
perform follow-up DTI in these patients due to artifacts
created by metallic instrumentations implanted for cervical
stabilization.

Discussion

The clinical success of decompression surgery in CSM
depends on the timing of the surgical intervention. Surgery
performed in earlier stages during the course of CSM was
reported to be more successful when compared with later

Fig. 1 Sagittal T2-weighted image of a 68-year-old man with
numbness in his arms and legs depicts degenerative cervical canal
stenosis at the level of C5–C6 without myelopathic signal increase in
spinal cord

Fig. 2 a T2-weighted image in axial plane at the level of C3–C4,
where there is no canal stenosis. b Color-encoded axial FA map at the
level of C3–C4
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stages [9–14]. Therefore, the radiological diagnosis of CSM
has to be made as soon as possible. CSM appears as high
signal intensity on conventional T2-weighted sequences,
but it occurs only at a late stage of the disease. This
condition led the investigators to use novel MRI techniques
to depict lesions in the spinal cord before the appearance of
increased signal intensity on T2-weighted images. Studies
in late 1990s showed that the DWI is more sensitive than
T2-weighted imaging in patients with CSM [23] (Dousset
et al., presented at the 1997 annual meeting of the
American Society of Neuroradiology). The study by Demir
et al. is one of the first reports on the use of the diffusion
tensor concept in CSM [8]. In their study, a multishot echo-
planar imaging sequence with calculation of ADC and ADT
was applied in 36 patients with symptomatic cervical

spondylosis. They found that patients with myelopathy
had abnormal ADC and ADT maps with increased ADC
and ADT values and decreased anisotropy. They also found
that ADT maps have a sensitivity of 78%, whereas T2-
weighted images have 57%. Mamata et al. evaluated 72
cervical spondylosis patients [20]. Among them, 39 cases
(54%) without any abnormal signal on T2-weighted images
showed ADC and FA abnormality at the narrowed spinal
canal level. A total of 15 out of 39 patients demonstrated
clinical myelopathy, while the other 24 cases were
neurologically intact. The authors assumed that those cases
that did not show clinical signs of myelopathy could
present early stages of the disease. Hori et al. investigated
the line scan DTI findings in patients with CSM using a
0.2-T MR imager [22]. They found that line scan DTI was
able to detect changes in the spinal cord while T2-weighted
scans were unable to reveal any abnormality. Our findings
support the results of the studies mentioned above. We also
found that the mean FA value in stenotic segments was
0.47, which was statistically lower than the nonstenotic
segments (mean 0.65). The ADC values of stenotic
segments were also increased compared with nonstenotic
segments (the mean ADC values of the spinal cord in
stenotic and nonstenotic segments were 1.40×10−3 and
1.01×10−3 mm2/s, respectively).

We found that there was no statistical correlation
between the duration of symptoms and DTI parametrics.
The reason for this lack of correlation is unclear. One
possible explanation for this may be that the degree of the
cervical canal stenosis and the degree of affection of the
spinal cord at the stenotic segment differ in each individual.
Additionally, some of the patients had multiple levels of
canal stenosis. We preferred to obtain measurements only
from the most stenotic level, and the symptoms might be
related to a different stenotic segment in some patients. The
reported FA values of the cervical spinal cord ranged from
0.52 to 0.83 [24–26]. In our study, we found that the mean
FA value at the nonstenotic segments was 0.65±0.04,
similar to those reported previously.

We think that our study has two advantages. Firstly, our
study cohort was quite homogenous clinically because we
focused only on patients who had degenerative canal
stenosis accompanied by pure myelopathic manifestations
but no increased signal intensity on T2-weighted images.
We did not enroll the patients who had neurological signs
and symptoms related to coexistence of other spinal
disorders. Therefore, we think that the DTI abnormalities
that we found are related to the effects of cervical canal
narrowing on the spinal cord. Secondly, the 3-T MRI
system enabled us to have precise diffusion tensor images
and the opportunity to make the measurements on the axial
plane. Former studies mentioned above used the sagittal
plane for DTI acquisitions and measurements. Acquisitions

Fig. 3 a Axial T2-weighted slice the level of C5–C6 shows marked
narrowing of spinal canal. Although the spinal cord is compressed,
there is no high signal intensity related to myelopathy. b Color-
encoded axial FA map clearly demonstrates that FA values are reduced
at this level

612 Neuroradiology (2011) 53:609–616



on the axial plane enabled us to generate FA maps in the
axial plane. We believe that this is a more reliable method
for measuring the FA values than using the sagittal plane, as
the ROI can be placed precisely on spinal cord without
cerebrospinal fluid contamination.

DTI enabled us to evaluate the degree of anisotropy of
diffusion, which reflects the integrity and organization of
the white matter tracts. From brain studies, it is known that

anisotropy of diffusion in white matter mainly results from
oriented membranes, such as axonal structures and myelin.
Their disintegration results in a loss of anisotropy, which is
detected by a decrease of FA [27]. DTI metrics in the
various spinal cord tracts have also been shown to correlate
with specific histological measures including axon counts
and myelin volume [28]. Other experimental studies on
spinal cord compression in rats found decreased FA values

Table 1 Neurological findings of the patients

P.No Babinski’s sign Hyperreflexia Hoffman’s reflex Ankle clonus Romberg’s sign UES LES

1 + + + − + + −
2 + + + + + + −
3 − + − − + − −
4 + + + + + − −
5 + + − − + − −
6 + + + + + + −
7 + + + − + − −
8 + + − − + − −
9 − + − − + − −
10 − + + + + − −
11 − + − − + − −
12 + + + + + + +

13 − + + + + − −
14 − + + + + − −
15 + + − − + − −
16 + + − − + − −

P.No patient number, UES upper extremity spasticity, LES lower extremity spasticity

P.No FA values ADC valuesa

1st meas. 2nd meas. Mean 1st meas. 2nd meas. Mean

1 0.612 0.600 0.61 1.080 1.230 1.16

2 0.631 0.615 0.63 0.759 0.972 0.87

3 0.618 0.708 0.66 0.993 0.910 0.95

4 0.585 0.590 0.59 0.650 0.686 0.67

5 0.590 0.555 0.57 0.546 0.538 0.54

6 0.738 0.686 0.71 0.868 1.150 1.01

7 0.613 0.639 0.63 0.974 1.040 1.01

8 0.639 0.729 0.68 1.220 1.000 1.11

9 0.726 0.684 0.71 0.929 1.030 1.03

10 0.574 0.615 0.59 1.070 1.150 1.11

11 0.665 0.688 0.68 1.200 1.450 1.33

12 0.714 0.702 0.71 1.150 1.130 1.14

13 0.612 0.619 0.62 0.963 1.070 1.02

14 0.652 0.652 0.65 1.100 1.100 1.10

15 0.708 0.635 0.67 1.020 1.140 1.08

16 0.720 0.606 0.66 0.926 1.09 1.01

Table 2 FA and ADC values
of cervical spinal cord measured
at the nonstenotic segments

P.No patient number, meas.
measurement
a ADC values are in
1×10−3 mm2 /s

Neuroradiology (2011) 53:609–616 613



secondary to mechanical disruption, tearing of fibers and
myelin sheaths, extracellular edema, Wallerian degenera-
tion, and demyelination [21]. Recent studies demonstrated
that apoptosis of the oligodendrocyte cell population is an
early feature of CSM and may play a central role in the
development of neurological deterioration seen with this
order. Oligodendrocyte apoptosis causes demyelination of
axons, which was observed both in human and animal
studies of chronic spinal cord compression [29, 30].
Recently, Cheung et al. investigated the nature of chronic
spinal cord compression in a rat model by using in vivo
DTI (Cheung MM et al., presented at the 2009 annual
international conference of the IEEE Engineering in
Medicine and Biology Society). For simulation of chronic
spinal cord compression, they inserted a urethane-
containing polymer into the lateral column of the spinal
cord of Sprague-Dawley rats at the C5–C6 level. FA and
radial diffusivity values were measured by using regions of

interest of four white matter regions (ventral, dorsal,
ipsilesional, contralesional) in eight slices covering
4.4 mm caudal and 4.4 mm rostral to the epicenter of
injury. They found that the ipsilesional region has a lower
FA and higher radial diffusivity than other regions near the
lesion site. The authors suggested that these DTI changes
were related to demyelination in spinal cord, which caused
by prolonged compression. In light of the data mentioned
above, we think that in the course of CSM, prior to
development of increased signal intensity on T2-weighted
images, decreased FA values may reflect the axonal
demyelination. Unfortunately, we do not have histopatho-
logical correlation for this argument.

When compared to brain studies, spinal applications of
DTI are more challenging due to technical limitations. First of
all, the small size of the spinal cord requires the use of small
voxel sizes for better spatial resolution, which decreases the
signal-to-noise ratio (SNR). Others factors, which make
obtaining of DTI of the spinal cord difficult, are pulsation
artifacts arising from the cerebrospinal fluid, cardiac and
respiratory motion, and magnetic susceptibility artifacts
caused by adjacent bones [19, 31]. Even though most of
these difficulties are present in 1.5- or 3-T MR systems, due
to its inherently higher SNR, 3 T poses some advantages.
Since the 3-T system is more sensitive to motion and
susceptibility artifacts, the DTI sequence has to be adopted
for the spinal cord to get the main benefits of the high
magnetic field imaging. In this study, we optimized the 3-T
DTI protocol to obtain the shortest echo time possible, using
a small, localized, shim volume to reduce susceptibility
artifacts. To strike a good balance between scan time and

P.No FA values ADC valuesa

1st meas. 2nd meas. Mean 1st meas. 2nd meas. Mean

1 0.443 0.472 0.46 1.420 1.290 1.36

2 0.321 0.327 0.32 1.010 1.170 1.09

3 0.350 0.438 0.35 1.890 1.660 1.78

4 0.483 0.351 0.42 0.742 0.908 0.83

5 0.465 0.450 0.46 0.575 0.608 0.59

6 0.530 0.486 0.51 1.410 1.470 1.44

7 0.480 0.447 0.46 1.180 1.670 1.43

8 0.556 0.543 0.55 1.400 1.410 1.41

9 0.621 0.522 0.57 1.340 1.410 1.38

10 0.404 0.522 0.52 2.350 1.360 1.86

11 0.447 0.399 0.42 1.460 1.840 1.65

12 0.311 0.499 0.41 2.380 1.820 2.10

13 0.556 0.485 0.52 1.160 1.320 1.24

14 0.588 0.588 0.59 1.390 1.390 1.39

15 0.561 0.432 0.50 1.330 1.430 1.38

16 0.432 0.46 0.45 1.49 1.36 1.43

Table 3 FA and ADC values
of cervical spinal cord measured
at the stenotic segments

P.No patient number, meas.
measurement
a ADC values are in
1×10−3 mm2 /s

Table 4 Statistical comparison of FA and ADC values in nonstenotic
versus stenotic segments using Student’s t test

DTI parametrics Nonstenotic
segments

Stenotic
segments

p value

Mean SD Mean SD

FA 0.65 0.04 0.47 0.07 <0.001

ADC 1.01 0.19 1.40 0.37 <0.001

SD standard deviation
a ADC values are in 1×10−3 mm2 /s
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SNR, we used 25 diffusion directions in all studies. In our
experience, 55 directions created more gross and physiolog-
ical motion artifacts due to extended scan time and exposure
to the loud noise for longer time. Therefore, we think that a
very high number of directions for routine DTI of spinal cord
are not necessary when using a 3-T system.

There are several limitations in the present study. Firstly,
the patient population is relatively small. Secondly, we do
not have a long-term follow-up of the patients. Our
hypothesis that the reduced FA values may indicate an
early stage of CSM would only be proven if a majority of
the patients went on to develop hyperintensity on T2-
weighted images during the follow-up. However, the
majority of the patients (10 of 16) underwent surgery, and
the instrumentations implanted for cervical stability do not
allow DTI examination of the cervical spinal cord in these
patients. Therefore, we do not know how many of our
patients would develop T2 hyperintensity if they were left
untreated. We think that our data could be valuable for the
establishment of a cutoff value of DTI parameters if we had
a long-term follow-up of the patients, especially those
treated conservatively. Lastly, one can argue that the use of
DTI measurements of the spinal cord at the patients’
nonstenotic segments as the control group instead of
measurements obtained from healthy individuals is a
drawback in the study. From previous studies, it is known
that the FA values of the spinal cord may differ from person
to person and the upper and lower limits of normal FA
values in a cervical spinal cord are not yet established. In
addition, the study of Facon et al. showed that the
comparison of FA and ADC values of healthy volunteers
and on healthy areas of patients with spinal cord compres-
sion did not show a statistically significant difference [21].
We think that the DTI abnormalities in the affected segment
of the spinal cord should be compared with a nonaffected
segment if there is enough distance between them, as there
was in our patients (the stenotic segments of our patients
were located between C5 and C7). Therefore, when we
designed the study, we thought that it would be more
appropriate to take the nonstenotic upper cervical segments
(usually C2–C3 level) as a reference level instead of using a
cohort of healthy subjects.

In conclusion, our preliminary findings indicate that DTI
may show abnormalities in the spinal cord before the
development of T2 hyperintensity on conventional sequen-
ces in patients with CSM. The results of the present study
also support the findings of previous studies, which
concluded that DTI is more sensitive than conventional
T2-weighted sequences in the early detection of CSM [8,
20, 22]. Our study showed that a 3-T system enables a
technically feasible and precise data acquisition for quan-
titative measurements. However, further studies with larger
patient populations are needed to determine the clinical

utility of this novel MRI technique as an additional
sequence in the routine examination of patients with CSM.
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