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Abstract In the article we review the current role of dif-
fusion tensor imaging (DTI), a modern magnetic resonance
(MR) technique, in the diagnosis and the management of
cervical spondylotic myelopathy (CSM), the most seri-
ous complication of degenerative cervical spine disease
(DCSD). The pathogenesis of DCSD is presented first with
an emphasis placed on the pathological processes lead-
ing to myelopathy development. An understanding of the
pathophysiological background of DCSD is necessary for
appropriate interpretation of MR images, both plain and
DTI. Conventional MRI is currently the imaging modal-
ity of choice in DCSD and provides useful information
concerning the extent of spondylotic changes and degree
of central spinal canal stenosis; however its capability in
myelopathy detection is limited. DTI is a state of the art
imaging method which recently has emerged in spinal cord
investigations and has the potential to detect microscopic
alterations which are beyond the capability of plain MRI.
In the article we present the physical principles underlying
DTI which determine its sensitivity, followed by an over-
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view of technical aspects of DTI acquisition with a special
consideration of spinal cord imaging. Finally, the scientific
reports concerning DTT utility in DSCD are also reviewed.
DTI detects spinal cord injury in the course of DCSD earli-
er than any other method and could be useful in predicting
surgical outcomes in CMS patients, however technical and
methodology improvement as well as standardization of
acquisition protocols and postprocessing methods among
the imaging centers are needed before its implementation
in clinical practice.

Keywords Degenerative spine disease - Magnetic
resonance imaging - Diffusion tensor imaging - Cervical
myelopathy

Introduction

Degenerative cervical spine disease (DCSD), often referred
to as cervical spondylosis, is a common disorder, affect-
ing up to two-third of the population during one’s lifetime
[1]. While often benign and moderately troublesome in
nature, in a small percentage of patients it may result in
the severe syndrome of spinal cord dysfunction known as
cervical spondylotic myelopathy (CSM) [2, 3]. CSM is the
most common nontraumatic cause of spinal cord pathology
and impaired function [4]. Although magnetic resonance
imaging (MRI) is the modality of choice for quantifying
the extent of spondylotic alterations, it is characterized by
low sensitivity in myelopathy detection, ranging according
to different sources from 15 to 65% [3, 5-8]. These diver-
gences between conventional anatomical MR findings and
clinical manifestation stimulate the search for new, more
accurate methods of myelopathy evaluation.
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Diffusion tensor imaging (DTI) is a novel MR technique
which allows for in vivo evaluation of water molecules
movements in directionally dependent tissues such as ner-
vous tissue of the spinal cord. The information essential to
create DTI images is derived from the cellular level, which
makes this method sensitive to microstructure alterations
and therefore even minor spinal cord tissue injury. Despite
the impressive number of scientific reports confirming DTI
utility in detecting subtle damage to the CNS tissue, both in
the brain and spinal cord, this method is still not widely used
in a clinical setting.

The aim of this review is to explore and discuss the cur-
rent trends and possibilities in DTI evaluation of the CMS
in the course of DCSD. For a more thorough understanding,
the pathophysiology of DCSD as well as the basic principles
of diffusion tensor imaging in the spinal cord domain are
presented.

Degenerative Cervical Spine Disease: Mechanism and
Pathophysiology

DCSD represents a mixed group of pathologies involv-
ing all parts of the so-called disco-vertebral unit, a func-
tional unit of the spine, which comprises the intervertebral
disc, adjacent vertebral bodies, facet joints, uncovertebral
joints, ligamenta flava, and longitudinal ligaments at the
given level [9—11]. Although spondylosis may affect only
a single motion segment or predominantly one structure
of the spine (e.g., facet joints in a process called spondy-
loarthrosis), multi-level and comprehensive spinal segment
involvement is most frequently encountered. The lower part
of the cervical spine (C4—C7) is most commonly involved
[9]. The degenerative process usually proceeds in a certain
pattern, as a cascade of related events, starting with a nar-
rowing of the intervertebral disc due to the progressive loss
of water content and disc herniation. Subsequent segmen-
tal instability places increased stress on adjacent vertebral
endplates, facet, and uncovertebral joints stimulating osteo-
phyte formation as a compensation for spine hypermobil-
ity secondary to disc degeneration [4]. The hypertrophy
of the posterior longitudinal ligament and ligamenta flava
often coexists. A special form of degenerative changes is the
ossification of the posterior longitudinal ligament (OPLL),
a condition most commonly encountered in Asian popula-
tions [12]. All these degenerative alterations may contribute
to spinal stenosis, that is narrowing of the central canal and/
or neural foramina lateral recess.

In contrast to the lumbar spine, which houses only a
small part of the spinal cord, obliteration of the cervical
spinal canal can far more frequently lead to a direct com-
promise of the spinal cord, resulting in its injury and a syn-
drome of severe neurological deficits called myelopathy.
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The pathophysiology of cervical spondylotic myelopathy
is multifactorial [13], involving not only static (structural
stenosis), but also dynamic and biologic factors [13—15].
As already mentioned above, spondylotic changes may lead
to acquired canal stenosis which can be facilitated by the
preexisting congenitally narrow spinal canal [10, 13, 16].
During the movement, the canal diameter is further reduced
by 2-3 mm in flexion with the SC stretching over the pos-
terior vertebral spurs, while extension can cause inward
buckling of the ligamenta flava and dorsal compression
[15]. These effects of functional (dynamic) stenosis appear
to play a major role in CSM development. Transition and
angulation between vertebral bodies in flexion—extension
can also transiently narrow the spinal canal [13]. Frequently
MR images of the cervical spine in a neutral position show
no spinal cord involvement whereas kinematic examination
reveals SC impingement from spondylotic spurs or inter-
vertebral disc bulging/herniation occurring only during the
movement [17].

Both chronic and intermittent compression of the SC
contributes to myelopathy development through two basic,
usually concurrent, mechanisms: direct trauma and isch-
emia. Considerable evidence exists to support ischemia
as a major pathologic event [4, 13]. The reduction in SC
blood flow occurs when degenerative elements compress
arterial and/or venous blood vessels that supply the cervi-
cal spinal cord [4]. On a cellular level, ischemia triggers a
biomolecular cascade ending with cells apoptosis [13, 18].
According to cadaveric studies of patients with CSM there
is a common pattern of lesion progression in diseased SC
[19, 20]. Atrophy and neuronal loss starts in the anterior
horn and intermediate zone of the gray matter (GM), sup-
plied by transverse arterioles which originate from the ante-
rior sulcal arteries and are very susceptible to tension [21].
Next, the degeneration of lateral and posterior funiculus of
the white matter (WM) precedes, at the beginning manifest-
ing as demyelination. This can be explained by particular
sensitivity of oligodendrocytes (the myelinating cells of the
central nervous system) to ischemic injury [13, 22]. Oli-
godendrocytes’ apoptosis was found to precede the axonal
degeneration in myelopathy [13]. Corticospinal tracts are
particularly vulnerable to negative effects of compression,
and undergo early demyelination in the course of CSM [15,
23-25]. Eventually, marked atrophy develops throughout
the entire gray matter and severe degeneration occurs in the
lateral funiculus [19]. Degeneration of the medial portions
of the posterior columns is usually not noted until severe SC
compression occurs, while relative preservation of anterior
columns can be observed (Fig. 1c).
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Fig. 1 Magnetic resonance T2-weighted images in sagittal (a) and
axial (b) planes. Multilevel degenerative cervical spine disease with
severe central canal stenosis. Spinal cord is compressed and subtle hy-
perintense signal indicative of myelopathy is noted at the C3—4 level.
¢ A schematic diagram of the cervical spinal cord cross section: a pos-

Conventional Anatomical MRI in DCSD

Unlike pathomorphological findings, which closely corre-
late with the clinical manifestation and myelopathy dura-
tion [10], the relationship between MR presentation and
actual SC condition is often not that obvious. Conventional
MR examination provides useful anatomical information
concerning the extent of spondylotic changes and degree
of central spinal canal stenosis [2], although its specific-
ity is hampered by the high rate of degenerative changes
found in asymptomatic individuals [26-28]. As for the SC,
conventional anatomical MRI allows for the quantitative
assessment of the degree of SC compression as well as for
the evaluation of intramedullary signal intensity changes
(Fig. 1a, b). AP compression ratio (AP diameter/transverse
diameter of the SC) is the parameter often used for the
assessment of SC involvement and according to pathomor-
phological studies the critical degree of AP compression

terior funiculi, b lateral funiculus, ¢ anterior funiculi, d ventral horn, e
intermediate zone, f posterior horn. In the course of myelopathy, neu-
ronal degeneration starts in the anterior horn and intermediate zone
of the gray matter, followed by demyelination of lateral and posterior
funiculi of the white matter

ratio to induce histopathological changes in the SC was esti-
mated as 30 % [29]. MR signal intensity changes within the
SC, which are sometimes visible in the course of DCSD, are
thought to represent structural lesions of the injured spinal
cord. Intramedullary hyperintensity on T2-weighted images
was related to edema, vascular stasis, ischemia, Wallerian
degeneration, and gliosis [20]. Less frequently encountered
hypointensity on T1-weighted images is thought to repre-
sent a more advanced phase of degeneration, such as cys-
tic necrosis, spongiform changes, and cavitation [20]. In a
recent comprehensive literature review, Vedantam et al. [30]
established that a sharp and intense intramedullary T2 sig-
nal was associated with a poorer surgical outcome and thus
is indicative of more severe myelopathy, in opposition to a
fuzzy-bordered and/or faint T2 signal which is thought to
represent a less advanced stage of degeneration with bet-
ter prognosis [20]. Coexistence of high signal intensity on
T2 images and low signal intensity on T1 images has the
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most (universally) poor prognosis [20]. Still, in many cases,
the relationship between MR signal abnormalities and their
clinical and prognostic significance is not straightforward
[5, 6,31-34].

DTI-the Basic Principles

DTTI is an advanced magnetic resonance technique which in
opposition to conventional MR images provides more func-
tional than anatomical information about the examined tis-
sues. At the cellular level of the human body water particles
move continuously, propelled by their own thermal energy.
This movement, called diffusion, is impeded and directed
due to the presence of tissue components, mainly cell mem-
branes. Both diffusion MR techniques—diffusion weighted
imaging (DWI) and DTI—arise from the powerful concept
that during diffusion-driven displacement, water molecules
probe tissue structure on a microscopic scale [35]. Continu-
ing with this idea, any disturbance in cellular environment
would alter water diffusion and could be detected in MR
diffusion study, which makes this technique a very sensi-
tive diagnostic tool. Whereas DWI simply reflects the mag-
nitude of diffusion within the voxel volume of tissue, DTI
provides additional information concerning water molecules
directionality. The two main parameters derived from DTI
data are: (1) mean diffusivity (MD), which is approximately
equal to mean apparent diffusion coefficient (ADC) used in
DWI and (2) fractional anisotropy (FA), which reflects the
degree of directionality of water molecules motion and vary
between 0 (for isotropic diffusion—equal in all directions,
e.g., within fluid spaces) and 1 (diffusion occurring in only
one direction—complete anisotropic diffusion). In tissues
with a preferred orientation whose structure is highly orga-
nized, such as the central nervous system (CNS) white mat-
ter, water molecules motion occurs predominantly in one
direction, along the long axis of the fibers (Fig. 2). Anisot-
ropy originates from the specific organization as densely
packed bundles of axonal fibers running in parallel [35].
Diffusion perpendicular to fiber orientation is restricted
due to the presence of axonal membranes as well as well-
aligned protein fibers within an axon body [36]. One of the
most unique features of diffusion MR measurements is that
it detects water motion only along the applied gradient axis
[37]. As a result, to fully appreciate diffusion characteris-
tics of directionally dependent tissues, diffusion would have
to be measured along a high number of directions which
would be unfeasible in a clinical setting. To simplify this
issue, the concept of diffusion tensor was introduced [37].
In this model measurements along different axes are fit-
ted to a three-dimensional (3D) ellipsoid, separate for each
voxel. An ellipsoid is a 3D representation of the diffusion
distance covered in voxel volume by molecules in a given
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Fig. 2 The diffusion ellipsoids for isotropic (/eff) and anisotropic
(right) diffusion. Water molecules in the human body are constantly
moving (i.e., in Brownian motion) which is illustrated in the picture
by a red line. When motion is unconstrained diffusion is isotropic,
which means that motion occurs equally and randomly in all directions
(sphere on the leff). When motion is constrained, as in white-matter
tracts (illustrated on the right), diffusion is anisotropic, meaning that
motion is oriented more in one direction than another

diffusion time [35]. To obtain six parameters necessary to
create a diffusion ellipsoid (three eigenvalues %, &,, &, rep-
resenting respectively the longest, middle, and the shortest
axes, and three eigenvectors V, V,, V, reflecting the axes’
orientation) at least six direction measurements are neces-
sary. The large number of directions improves the quality
and reliability of DTI examination. However, it also results
in scanning time prolongation. According to our experience,
15 non-collinear, diffusion gradient directions are optimal
for the examination of the cylindrical-shaped spinal cord
[38]. Lee et al. [39] in a study investigating the influence of
different acquisition parameters on tractography reconstruc-
tion, concluded that 15 diffusion-encoding gradient direc-
tions are sufficient for cervical spinal cord tractography and
ensure optimal tractography reconstruction quality. In the
clinical setting, the application of 15 encoding directions in
DTI studies of the cervical SC is a reasonable compromise
between acquisition time and resulting image quality.
Information which can be derived from a diffusion tensor
model includes: mean diffusivity (MD) which is in fact an
average ellipsoid size eigenvalue (MD= (%, +%,,+%,)/3), the
degree of anisotropy (FA) reflected by ellipsoid eccentricity
and the main direction of diffusivities (vector of the longest
ellipsoid axes) which indicates the fiber orientation [35, 37].
The indices mentioned above change in the presence of dif-
fusion disturbances caused by pathological processes.
While attempting to connect MR diffusion study obser-
vation to the underlying anatomy one must remember that
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microscopic information is averaged over the large (2—5 mm)
voxel volume. This is important, as changes in diffusion
anisotropy sometimes resulted not from microscopic altera-
tions such as demyelination, but from the macroscopic reor-
ganization of axons [37]. Because the SC contains uniformly
oriented pathways, some of the complexities of interpreta-
tion relevant in the brain like the “powder averaging” effect
of crossing fibers can be obviated [40]. In opposition to brain
investigations, the major difficulty in spinal cord DTT stud-
ies lies not in the limitation of diffusion methodology, but
in the technical details of diffusion-weighted imaging and
pulse sequence used [40]. By inserting an additional pair of
gradients equal in magnitude but opposite in direction, any
MRI sequence can be sensitized to water molecules diffu-
sion. In practice, single-shot echo-planar imaging (ss-EPI)
is the most commonly used and found to be indispensable
in brain investigations. ss-EPI acquires the whole of k-space
after a single excitation and this robustness is crucial for
diffusion techniques that are particularly sensitive to subject
motion. However, ss-EPI was found to be of limited useful-
ness in the SC [41, 42]. The anatomy of the spine as well as
the abundance of susceptibility variations make it particular
difficult to obtain high-quality ss-EPI images of the spinal
cord. The SC is surrounded by flowing cerebrospinal fluid
(CSF) and is adjacent to moving structures in the thorax and
abdomen; the adjacent bony structure of the vertebral col-
umn causes magnetic susceptibility artifacts. At the same
time a small cross section of the SC requires high-resolution
imaging to obtain meaningful information [41]. Standard
single-shot EPI offers limited spatial resolution and signal-
to-noise ratio (SNR) and is particularly sensitive to motion
and magnetic susceptibility variations [41]. Several modifi-
cations to EPI sequence which aim to overcome these limi-
tations have been proposed, including interleaved [43—45]
and parallel EPI [46—48] approaches as well as reduced
field of view (rFOV) acquisition [49-54]. Interleaved EPI
(IEPI) is based on multi-shot imaging, where k-space is
split into several acquisitions with multiple EPI interleaves
in the phase-encoding (PE) direction. IEPI reduces the off-
resonance induced distortions proportionally to the number
of interleaves and leads to an SNR improvement [55]. The
trade-off for using a multi-shot EPI is that the segmentation
of k-space not only increases the scan time compared with
ss-EPI but also results in phase error discontinuities which
require correction by means of navigator echoes, which fur-
ther increases the scan time [56]. Despite the use of naviga-
tors, significant patient motion between the acquisition of
different interleaves leads to ghosting artifacts or even can
cause gaps in k-space, resulting in aliasing artifacts [56]. An
alternative multi-shot approach that is less prone to motion
is readout-segmented EPI (RS-EPI), which covers k-space
with series of consecutive segments [56]. In RS-EPI, each
segment acquires a full-FOV image that is largely motion-

free and the correction for motion is required only between
segments [56].

Another way to mitigate the shortcomings of ss-EPI is
parallel imaging [57, 58] based on specialized imaging
coils. Parallel imaging methods provide acceleration in
k-space by utilizing the complementary spatial encoding
information from multiple receiver coil elements to reduce
the number of acquired k-space lines [47, 59]. Combin-
ing parallel imaging with EPI provides the advantages of
a multi-shot EPI without the need of multi-shot although
potentially compromises the SNR [55]. The sequence that
can provide the SNR enhancement while maintaining the
advantages of parallel EPI was recently proposed by Nana
et al. [55]. The authors demonstrated that it is possible to
increase the SNR with the use of an appropriate echo com-
bination strategy and this SNR gain can be further used to
reduce the number of measurements needed or to improve
the image resolution.

More recently, methods aimed at reducing the effective
FOV have been proposed for high-resolution EPI images of
the spinal cord [51, 52, 54, 60]. The morphology of the spi-
nal cord, particularly its small cross sectional size, is suitable
for the reduced FOV approach. The key idea with reduced
FOV is similar to parallel imaging [61]. By restricting the
FOV in the PE direction fewer k-space lines are needed for
a given image resolution which enables ss-EPI with shorter
readout duration, leading to a reduction of susceptibility
artifacts [61, 62]. As expected, the SNR is also reduced by
the square root of that of the full FOV [56, 61]. Reduced
FOV acquisition may be based on outer volume suppression
or inner volume excitation. Most reduced-FOV methods
use additional radiofrequency (RF) pulses to suppress or
dephase the signal intensity from tissues outside the desired
FOV [60, 62]. One such method called ZOOM-EPI (zonally
magnified, oblique, multislice EPI) [50] combines a regular
90° excitation pulse with an obliquely applied 180° refocus-
ing pulse [62]. Only the inner volume that experiences both
pulses contributes to the signal readout [60]. The main limi-
tation of this sequence is that it cannot be used to acquire
contiguous slices, because the two regions excited by the
two pulses overlap with adjacent sections [60]. In the modi-
fied version of ZOOM-EPI called contiguous-slice ZOOM-
EPI (CO-ZOOM-EPI) [53], there is no necessity for the
interslice gaps. CO-ZOOM-EPI uses two 180° refocusing
pulses that are selective in the phase-encoding direction to
readout a rectangular FOV, while simultaneously suppress-
ing the signal arising from outside the desired FOV [60, 61].

A fundamentally different approach to reduced-FOV
imaging is to actively excite only the ROI by using a two-
dimensional spatially selective echo-planar RF (2D-EPRF)
excitation pulse [62]. This method enables contiguous mul-
tislice imaging and allows simultaneous suppression of
signal from fat, which is important for EPI-based imaging
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[60, 61]. However, due to the periodic nature of the rTFOV
pulse [52] only a certain number of slices can be imaged
simultaneously without affecting the signal level [62]. This
is not an issue while acquiring the diffusion images of the
spinal cord in the sagittal plane, nonetheless, for the axial
imaging of the spinal cord, it is desirable to acquire as many
slices as possible along the length of the spine, to avoid mul-
tiple acquisitions and long scan times [62]. Recently, some
modifications to rFOV ss-EPI have been proposed, includ-
ing Hadamard slice-encoding scheme [62] and improved
2DREF pulse design [60]. These can be used to significantly
increase the number of contiguous sections while preserving
the original method’s high-resolution imaging capabilities.

Several non-EPI approaches have been proposed as an
alternative for acquiring high-quality diffusion images of
the spinal cord. These include line scan diffusion imaging
(LSDI) [63-66], fast-spin echo (FSE) [67], and propeller-
based imaging [68—70]. Line scan imaging uses spin echo
technique and consists of sequential single-shot acquisi-
tion of PE lines. It is relatively insensitive to magnetic field
inhomogeneities, Eddy currents, and bulk motion and can
provide rectangular FOV for SC imaging [61, 63, 71, 72].
However, the trade-off of line scan imaging acquisition
schemes is the relatively prolonged acquisition time, and
missing k-space lines in the presence of extensive motion
[56]. FSE and turbo spin echo (TSE) are variations of rapid
acquisition with relaxation enhancement (RARE) sequence
which is a spin echo sequence with refocusing pulses after
RF excitation to significantly decrease relaxation time. The
RF refocusing yields signal decay with T2 rather than T2%*,
making this sequence less sensitive to off-resonance effects
and eddy currents [73]. Some studies have demonstrated the
benefits of FSE for imaging the human spinal cord with DTI
[58, 74, 75]. However, despite potential advantages of FSE,
the EPI technique is still preferable for DWI applications
in the spinal cord [43]. In PROPELLER approach, k-space
is acquired in small blade-shaped segments that are rotated
about the origin of k-space with each excitation [61]. All
readout trajectories are symmetric to the origin of k-space
and are equivalent with respect to the reconstruction, hence
this sequence is less prone to degradation by a single cor-
rupted data [56]. The PROPELLER readout can be both a
FSE train [68] or a short-axis EPI train [76].

Although most of the above described approaches were
tested for DWI acquisition, diffusion tensor imaging inher-
ently benefits from the advances in DWI techniques, as
DWI images form the foundation for DTI [61]. A combina-
tion of the above mentioned methods can be used in order to
add their benefits for reducing distortion [56]. For example,
reduced FOV ss-EPI can be combined in a straightforward
manner with parallel imaging and IEPI to reduce off-reso-
nance artifacts and improve spatial resolution, though at the
cost of longer scan time [60]. The retrospective correction
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methods can further reduce remaining artifacts and even
compensate for some of the drawbacks of the reported new
acquisition approaches [77].

High field (3T) MR units are considered to be a bet-
ter tool for performing DTI studies due to the significant
increase in SNR and therefore image quality [38, 42]. Inter-
estingly, Rossi et al. [78], in a study comparing DTI results
obtained from 1.5 and 3T MR units found comparable FA
and MD values of normal WM at both field strengths. SNR
can be also increased by multiplying number of excitations
(NEX) although acquiring more distinct diffusion encod-
ing directions, instead of repeated acquisitions, has become
more widely used [79]. Further possible optimization for SC
examination is decreased reconstruction matrix and smaller
slice thickness compared to the brain DTI [38].

After acquisition, DTI data can be postprocessed either
with the use of a workstation equipped with dedicated soft-
ware—in our department is the GE Advantage Workstation
4.6 and Ready View program—or with software packages
such as DTIStudio, MedINRIA, FSL, AFNI, etc. Typically,
color-coded FA and MD (ADC) parametric maps were
generated. For quantitative analysis of tensor data several
approaches can be used: regions of interest (ROI) setting
method, voxel-based method, histogram analysis, and trac-
tography. Fiber tracking (DTT: diffusion tensor tractogra-
phy), a 3D fiber tracts reconstruction, is undoubtedly the
most spectacular way to present diffusion study results
(Fig. 3). Using the data collected from DTI study and the
special reconstruction algorithms, water molecules’ move-
ment along the nervous fibers become the basis for 3D ner-
vous bundles reconstruction. On such created images, the
precise site of fiber displacement, interruption, or deforma-
tion resulting from any pathological process altering the
diffusion can be visualized (Fig. 4). DTT is not the only
visualization tool enabling macroscopic fiber tracts assess-
ment. There are several software packages allowing for DTI
values (FA and ADC) extraction from voxels within virtu-
ally reconstructed fibers, which creates an operator-inde-
pendent alternative for ROI positioning method. By means
of tractography, it is possible to extract specific nervous
tract within the spinal cord and to obtain quantitative mea-
surements along the reconstructed pathway. This enables
correlation of the integrity of specific tracts with the sever-
ity of clinical deficit [80]. Before performing tractography,
visual inspections of diffusion-weighted images as well
as motion and susceptibility artifacts correction should be
always performed, because of the possible prominent trac-
tography reconstruction errors [81]. The obtained values of
tensor metrics in the SC depend mainly on accurate segmen-
tation of gray and white matter. Another crucial element of
the analysis is the selection of appropriate fiber reconstruc-
tion algorithm. The three main fiber reconstruction methods
include: streamline tracking technique (STT), tensor deflec-



Role of Diffusion Tensor MR Imaging in Degenerative Cervical Spine Disease 271

Fig. 3 a Cervical spinal cord tractography overlaid onto sagittal T2-
weighted image in a healthy subject. b Cervical spinal cord tractogra-

Fig. 4 Diffusion tensor imaging
(DTI) tractography presenting
the disruption of the cervical
spinal cord fibers in cervical
spondylotic myelopathy patient.
a Sagittal T2-weighted magnetic
resonance imaging. b DTI trac-
tography overlaid onto sagittal
T2-weighted image. DTT tracts
are color-coded to indicate tract
orientation: red for left-right
orientation, green for anterior—
posterior orientation, and blue for
superior—inferior orientation

tion technique (TEND), and probabilistic tractography. The
main difference between tractography algorithms involves
the technique in which artificial tracts utilize adjacent infor-
mation to plan their next trajectory [36]. STT primarily
utilizes information from the largest eigenvector to create
tracts [36, 82]. TEND deflects the incoming eigenvector by
the diffusion tensor orientation [83, 84], whereas in proba-
bilistic approach, ADC is first measured in a large number
of directions, every image voxel is considered a seed point
for tract growth, and the most probable tract orientations
are calculated [85]. In the spinal cord tractography similar
reconstruction parameters to these optimized for descend-
ing or ascending pathways in the brain can be successfully
used [86].

phy with apparent diffusion coefficient value color-encoding. ¢ Cervi-
cal spinal cord tractography with direction color-encoding

Application of DTI in the Evaluation of Cervical
Spondylotic Myelopathy—State of the Art

DTI was first introduced and widely used in brain investiga-
tions for a long time before it was applied to the SC, mainly
due to technical conditions described above. The first
reports about examination of the SC with the DTI technique
were published in 1999 [67], and since then a great num-
ber of related articles have occurred. DTI utility has been
investigated in numerous pathological states afflicting the
SC, such as acute spinal injury, multiple sclerosis, neuromy-
elitis, amyotrophic lateral sclerosis, spinal cord ischemia,
syringomyelia, neoplasms, and finally degenerative cervical
spine disease [41, 87-92]. DCSP is definitely the most com-
mon entity from those mentioned above, providing a large
field for scientific studies. Although spondylotic changes of
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the vertebral column as well as adjacent soft tissues (inter-
vertebral disc and ligaments, etc.) abnormalities can be
fully appreciated on conventional anatomical MRI images,
nervous tissue (spinal cord and spinal nerves) involve-
ment is often not that obvious. Especially as far as spinal
cord myelopathy is concerned, there are often discrepan-
cies between radiological findings and clinical manifesta-
tion. Abnormal T2 signal intensity of the compressed spinal
cord, which is considered to reflect myelopathic changes, is
not always present, even in very advanced stages of clini-
cally evident myelopathy, and poorly correlates with disease
severity [32, 92-96]. Conventional anatomical MRI sensi-
tivity in myelopathy detection was estimated for 15-65%
[3, 5-8]. In a natural way, the DTI technique, which was
proven to detect alterations in the course of disease even
in normal appearing brain tissue, was implemented in SC
myelopathy investigations.

As already mentioned above, there are huge discrepan-
cies between studies regarding technical aspects of SC DTI
acquisition. How great an influence it has on the research
results is only to mention that FA values significantly
depend on the number of acquisitions and number of gradi-
ent directions used, as well as on the voxel size [97, 98].
Great differences are noticeable in diffusion measurements
methodology as well. This is mostly visible when compar-
ing DTI indices measured in healthy control groups. FA val-
ues range from 0.52 to 0.83 [92], and ADC from 0.781 to
1.14x 1073 mm?/s [8] in different studies, depending mostly
on the measurements method used. Most authors set ROIs
on transverse FA and ADC maps to obtain the results, how-
ever the localization and the size of ROIs vary. Research-
ers who placed ROIs predominantly in the SC white matter
(WM) obtained higher FA and lower ADC values due to the
almost one-directional organization of WM tracts. For some
reasons, inclusion of an entire SC cross section surface for
DTI measurements seems to be a reasonable approach. First
of all, in the studies employing a 1.5T MR unit, it is difficult
to distinguish between white and gray matter in diffusion
images. This is also an issue in a heavily compressed SC,
where white and gray matter are often indistinguishable,
even in the diffusion images obtained from high-field MR
units. As already mentioned above, myelopathic changes
start within the gray matter, and then spread to the white
matter of the spinal cord. Therefore, in order to detect early
myelopathic changes, the SC gray matter should be included
in the measurements. This results in averaging FA and ADC
values of white and gray matter giving the relatively low FA
value ranging from 0.58 to 0.55 at different cervical spinal
cord levels in healthy patients [2]. Special attention during
ROI setting needs to be paid to avoid partial volume effect
of an adjacent CSF as CSF contamination may cause an
overestimation of diffusion values and an underestimation
of FA [41].
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Another way to obtain DTI values is to extract them
from tractography images. In opposition to ROI position-
ing, a DTI-FT-based approach is operator-independent and
therefore provides more reliable results and an excellent
inter-observer agreement. In a study performed by Budzik
et al. [98] semi-automatic axial stratified analysis of FA and
MD values was made. Investigators used 0.2 FA threshold
for fiber reconstruction which resulted in incorporating
gray matter into calculations giving relatively low values
of FA ranging 0.42-0.59 for different SC levels. Accord-
ing to the study performed by Bosma and Stroman [99]
which is highly referential, due to the k-means clustering
method used for extracting white matter containing voxels,
WM of the cervical spinal cord alone is characterized by an
average 0.7 FA value. However, in the presence of pathol-
ogy, WM FA often decreases below the average GM values
(i.e., 0.45) [99] and therefore low threshold limit for DTT
is necessary if we want to avoid excluding the voxels of
the pathologically changed WM. This could be a limitation
for DTI-FT-based method studies in case of diseases which
predominantly affect SC WM.

Despite the methodology differences, all investigators
report high DTI sensitivity in myelopathy detection, sig-
nificantly exceeding the capability of conventional MR
examination [8, 98, 100, 101]. Decrease of FA values with
concomitant increase of ADC values were found in patients
presenting clinical syndromes of myelopathy, but without
T2-hyperintensity in conventional MR images [100, 101].
Moreover, statistically significant changes in DTI param-
eters were also reported in spondylotic patients in the pres-
ence of only slight SC compression [8] or even in cases
without visible SC involvement in static MR examination
[2]. The abovementioned results can be most probably
related to dynamic factors that is physiological motion of
the spine. During the movement, the spinal canal diameter
is reduced by about 2-3 mm on flexion with the narrowing
of the anterior space and anterior shifting of the cervical
cord, which can be then be exposed to a so-called pincer
effect. Furthermore, displacement of the spinal cord within
the spinal canal, even without obvious spinal cord compres-
sion, may lead to abnormal tension patterns within the cord.
This results in extracellular edema, which could cause the
decrease of FA and increase of ADC values, as reported
elsewhere in brain diseases [35]. There is also an interesting
hypothesis raised, among others, by Xiangshui et al., con-
cerning the influence of increased pressure of cerebrospinal
fluid on the internal pressure of the spinal cord. Cerebro-
spinal fluid flow disturbances, resulting from degenerative
changes both in static position and during movement, could
increase the pressure around the spinal cord and, in turn,
alter interstitial diffusion which would result in FA and
ADC changes [8].
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Although DTI metrics alterations in the absence of SC
compression strongly support the hypothesis of remarkable
DTI sensitivity, the clinical significance of these findings is
borderline. Degenerative changes of the spine are to some
extent a natural, age-related phenomena, almost univer-
sally present by the time of Late Middle Ages and affecting
more than 80 % of patients over 60 years without produc-
ing any symptoms [27]. This is in someway consistent with
the study results of Mamata et al. [102], who found that FA
decreases and ADC increases with age in the normal SC of
healthy population. To conclude, DTI parameter changes do
not necessarily indicate major SC pathology, especially in
the elderly.

In more advanced stages of chronic degenerative steno-
sis with obvious SC involvement, FA and ADC alterations
could be related to mechanical disruption that is, tearing of
fibers and myelin sheaths and to the consequences of isch-
emia: Wallerian degeneration, demyelination, liquefaction,
cystic degeneration, and neuronal death [92]. A decreased
number of fibers and loss of their directional organization
lead to the expansion of extracellular space with water mol-
ecules moving more freely, which results in increased ADC
and lower FA values. These DTI parameters change visible
in the course of chronic SC compression have been verified
in experimental studies, employing animal models [103,
104].

It should be mentioned that contrary changes, that is, an
increase in FA and decrease in ADC values were reported
in cases of acute SC compression [92]. One of the possible
explanations could be cytotoxic edema as the consequence
of acute SC injury with extracellular water displacement
into cells which leads to shrinking of extracellular space
(decreased ADC) and tighter packing of axon bundles (FA
elevation). Some authors noticed the same DTI changes in
patients with CMS at the site of compression [102]. The
characteristic of this finding is unclear; however it should
be rather related to some recent event of compression in the
course of CDSD, rather than the effects of chronic stenosis.

The scientific reports concerning the correlation between
DTI results and clinical findings are contrary. Lee et al.
[101] found no differences in DTI parameters between neu-
rologically worse and better groups whereas Budzik et al.
[98] reported positive correlation between the severity of
clinical impairment and FA. Both researchers used Japa-
nese Orthopedic Association (JOA) score to quantitatively
assess myelopathy severity. In a more recent publication,
Kerkovsky et al. [97] found significant differences in FA
and ADC values between symptomatic and asymptomatic
patients with radiological features of cervical spinal cord
compression. Moreover, DTI showed higher potential to
discriminate between these two clinical subgroups in com-
parison with standard MRI and electrophysiological find-
ings. Only a few authors have investigated the relationship

between DTI findings and surgical outcomes, however these
reports are quite promising [101, 105]. Jones et al. [105]
found that high baseline FA value was correlated with bet-
ter postoperative functional recovery and concluded that
FA may serve as a useful predictor of the outcome. Lee
et al. [101] reported statistically significant correlation
between tractography patterns and postoperative neurologic
improvement. In opposition, conventional anatomical MRI
parameters such as T2-weighted signal changes, cross sec-
tional area of the SC, and anteroposterior (AP) diameter of
the SC were not found useful in predicting surgical outcome
in patients with CSM [32, 106]. The relationship between
myelopathy severity and DTI results which, once estab-
lished, could facilitate the decision about further patient
management, certainly deserves further investigation.

Summary

The decision whether and when to perform invasive surgical
treatment in patients with CSM remains the most controver-
sial issue in the management of patients with degenerative
cervical spine disease. This decision is usually made on the
basis of clinical symptoms as conventional MR examina-
tion is characterized by limited sensitivity in myelopathy
detection. New magnetic resonance techniques such as
DTI, provides quantitative information about the myelopa-
thy severity could help to select patients who would ben-
efit most from surgical decompression, indicating the best
moment for intervention, before irreversible myelopathy
occurs. Although proven to be very sensitive to neural tissue
damage, the DTI method still seeks technical and methodol-
ogy improvement as well as standardization of acquisition
protocols and postprocessing methods among the imaging
centers. Implementation of the DTI technique in everyday
clinical practice needs further investigation as only when
clinical and imaging abnormalities are well correlated,
focused treatment can be initiated.
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