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Summary

We review the current knowledge concerning clinical applications of the advanced technique of
magnetic resonance imaging (MRI): diffusion tensor imaging (DTI) of the spinal cord. Due to
technical difficulties, DTT has rarely been used in spinal cord diseases. However, in our opinion it
is potentially a very useful method in diagnosis of the different pathological processes of the spi-
nal cord and spinal canal. We discuss the physical principles and technical aspects of DTI, as well
as current and future applications. DTI seems to be a very promising method for assessment of spi-
nal cord trauma, spinal canal tumors, degenerative myelopathy, as well as demyelinating and in-
fectious diseases of the spinal cord. DTI enables both qualitative and quantitative (by measuring
of the fractional anisotropy and apparent diffusion coefficient parameters) assessment of the spi-
nal cord. The particular applications are illustrated by the examples provided in this article.
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BACKGROUND

Diffusion tensor imaging (DTI) is an advanced non-invasive
technique of magnetic resonance (MR) which enables visu-
alization as well as qualitative and quantitative assessment of
the integrity of the white matter tracts. DTI originates from
the well established MR technique — diffusion-weighted im-
aging (DWI) —which is based on evaluation of the free dif-
fusion of the water molecules (Brownian motion) in the
extracellular space of the live tissue. Disturbances (restric-
tion or increase) of diffusion may be assessed quantitatively
by measurements of apparent diffusion coefficient (ADC).
The best known applications of DWI are imaging of hyper-
acute ischemic stroke, as well as cerebral abscesses, epider-
moid cysts and brain tumors.

DWI visualizes isotropic diffusion (i.e., occurring in any direc-
tion), while DTI reflects anisotropic diffusion (i.e., occurring
preferably in 1 direction). DTI is used primarily for assess-
ing white matter of the brain and spinal cord, because move-
ment of the water particles in these structures is limited due
to the barrier to diffusion which is formed by myelin sheaths
of axons. More precisely, diffusion is limited in directions per-
pendicular to the white matter fibres, with relatively prefer-
able diffusion in the direction of the given group of axons,
which is called anisotropic diffusion (diffusion anisotropy).
Diffusion anisotropy can be assessed quantitatively by using
the fractional anisotropy (FA) parameter, which may be also
visualized on fractional anisotropy maps. FA is considered as
a marker of white matter integrity and its decrease indicates
damage and degradation of the white matter tracts [1,2].

An additional application of DTT is diffusion tensor trac-
tography (DTT), which provides three-dimensional presen-
tation of white matter’s diffusion in the direction of fibers
(axons) and thus visualization of the latter.

DTTI is a rapidly developing technique, which is used more
and more commonly in the assessment of the focal brain
lesions, especially brain tumors, in which it helps in plan-
ning surgery by defining the relationship between tumor
and strategic white matter tracts. There have also been
promising results of the application of DTI in neurode-
generative diseases (eg, Alzheimer’s disease and other de-
mentias) [3,4], as well as multiple sclerosis and lateral amy-
otrophic sclerosis [5].

DTI is used much less commonly in clinical assessment of
the spinal cord due to multiple technical limitations and
challenges, which in many cases make it impossible to ac-
quire diagnostically satisfactory images [6-9].

TECHNICAL ASPECTS OF DTI OF THE SPINAL CORD

The small size of spinal cord transverse diameters requires
acquisition of DTI images with high spatial resolution and
small voxel size, which is very difficult to perform with satis-
factory signal-to-noise ratio [8,9]. The obtained images may
be degraded by artifacts caused by local magnetic inhomo-
geneity, metal implants, magnetic susceptibility effects (from
bony structures of the spinal canal) and chemical shift arti-
facts (from the fat of the vertebrae and paravertebral soft tis-
sue), as well as the motion artifacts resulting from the pul-
satile flow of the cerebro-spinal fluid, breathing, swallowing

or physiological motion of the internal organs during exam-
ination [8,9]. Therefore the best quality of DTT images are
obtained in cervical spinal cord, while DTI of thoracic and
upper lumbar segments are more challenging due to even
smaller size of the spinal cord and greater number of artifacts.

New techniques, including parallel imaging and cardiac gat-
ing, improve the quality of DTI images [8-10]. MR units
with field strength of 3 Tesla (8T) are considered to be a
better tool for DTI [11]. However, 1.5 T MR units also en-
able obtaining diagnostically satisfactory results, provided
that a carefully planned study protocol has been established.
To overcome the difficulties mentioned above, reduction of
field of view (FOV) should be used (eg, 12 cm instead for
16cm), as well as decreased reconstructive matrix, smaller
slice thickness compared to the brain DTI, appropriate num-
ber of diffusion directions (not less than 15), and proper b
value (e.g. b=0 and b=1000 mm?/s) [10,12,13].

Sagittal or axial planes may be used for DTI acquisitions and
measurements, generating FA maps in the sagittal and axial
planes, respectively. Some authors believe that acquisition
in the axial plane is a more reliable method for measuring
the FA values than in the sagittal plane, because the regions
of interest (ROIs) can be placed more precisely in the spi-
nal cord, without cerebrospinal fluid contamination [14].

The presented cases from our material were performed on
a 1.5 T MR unit without parallel imaging and cardiac gat-
ing. After acquisition, DTI data were post-processed on an
Advantage Workstation 4.4 with FuncTool software (General
Electric Medical Systems). After an initial correction of geo-
metric distortions, the following parametric maps were gener-
ated: color-coded FA maps according to diffusion directions,
FA maps and ADC (Apparent Diffusion Coefficient) maps.

POSSIBLE CLINICAL APPLICATIONS OF DTI

Trauma to the spinal cord

DTT s a sensitive and specific method in evaluation of acute
and chronic spinal cord trauma. Significant decrease of FA
and ADC values has been found at the site of acute spinal
cord trauma, both at the level of direct trauma and adja-
cent normal-appearing parts of the spinal cord [15]. ADC
values seem to be the most sensitive marker of acute cord
injury. Detection of abnormalities in regions of the spinal
cord that appear normal on plain MRI could be used to as-
sess the true extent of injury and help to better correlate
the neurologic deficit with MR imaging [15].

In patients with chronic post-traumatic myelopathy there
has been revealed a significant decrease of FA at the site of
trauma and its direct vicinity, which seems to be proportional
to the severity and extent of the traumatic injury (Figure 1).
There was also noted a decrease of ADC in apparently nor-
mal-appearing segments of spinal cord, proximally and dis-
tally to the trauma level, which may result from reparative
processes or secondary degeneration of the axons [16].

Experimental studies showed that DTT allows for prediction
of the outcome of hyperacute spinal cord trauma [17]. DTI
and DTT may be applied in the long-term follow-up of the
post-traumatic changes and in the evaluation of the effects
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of therapy with stem cells” implantation into the spinal cord
(Figure 2).

Tumors of the spinal canal

DTI and DTT enable assessment of the changes in the spi-
nal cord caused by neoplastic disease, both in cases of intra-
medullary and extramedullary tumors. DTI, and especial-
ly DTT, may be useful in preoperative evaluation of spinal
cord tumors (Figure 3). DTT provides good visualization of
the displacement and deformation of the spinal cord tracts
at the tumor’s level (in ependymomas or astrocytomas), as
well as deformation and disruption of the fibers (in meta-
static lesions) [12,18,19]. Thus, DTT may be valuable in the
evaluation of the tumors’ resectability [19].

FiberTrak

Figure 1. Sagittal T2-weighted image of the thoracolumbar spine in
patient after severe spine trauma with severe paraplegia (A)
reveals traumatic hyperintense lesion in the spinal cord at
T12 level. DTl tractography (B, €) images show functional
disruption of the spinal cord at the same level.

A significant decrease of FA and variable ADC values has
been found in extramedullary tumors compressing the spi-
nal cord. FA measurements proved to have high sensitivi-
ty and specificity in the detection of spinal cord pathology
in patients with extramedullary spinal canal tumors [20].

Degenerative myelopathy

In chronic degenerative myelopathy caused by disk herni-
ation or degenerative spinal canal stenosis, significant de-
crease of FA and increase of ADC has been found, includ-
ing cases with no visible changes in the spinal cord on plain
MRI (Figure 4) [21-23]. In recently published reports con-
cerning contribution of DT in cervical myelopathy, the au-
thors have claimed that DTI proved to be more sensitive than
conventional T2-weighted images in assessment of cervical
degenerative myelopathy [7,14,22,23]. The decrease in the
FA values may reflect the degree of microstructural disor-
ganization of the spinal cord, suggesting either local extra-
cellular edema or a smaller number of fibers matching a
larger extracellular space, or both. On the other hand, mi-
nor lesions and edema with roughly preserved fibrillary mi-
crostructure of the spinal cord are not associated with ma-
jor FA changes, as opposed to demyelination, cavitations
and necrotic changes [22]. Thus, the high FA values sug-
gest that the microstructure of the spinal cord is preserved,
even in cases with high signal intensity of the spinal cord
on T2-weighted images.

Degenerative myelopathy changes, which may be detect-
ed on DTI, primarily involve the anterior part of the spi-
nal cord (Figure 5).
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Figure 2. MR T2-weighted and diffusion tensor tractography images
in patient after severe spine trauma with severe paraplegia
before (A, B) and after (C, D) stem cells'implantation. There
is functional disruption of the spinal cord, which has been
improved after stem cellls'implantation.
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Figure 3. Sagittal T2-weighted image of the thoracic spine (A) shows
partially cystic intramedullary tumor. Tractography (B)
reveals deformation and displacement of the spinal cord
tracts by tumor.

In the literature there is still disagreement concerning the
correlation between the clinical severity of myelopathy and
the DTI parameters. Kara et al. [14] claimed there was no
significant difference between the duration of myelopathy
and the DTI parameters. Budzik et al. [22] reported that
FA values were significantly correlated with clinical scores
of the patients. The authors concluded that DTI could be-
come a new tool for the assessment of cervical spondylot-
ic myelopathy. On the other hand, Lee et al. [23] reported
that tractography patterns were not related to the severity

Figure 4. Sagittal T2-weighted image of the cervical spine (A) in patient
with myelopathy demonstrates severe spinal canal stenosis
with compression of the spinal cord, without visible spinal
cord abnormality. FA map of the spinal cord (B) reveals foci of
decreased fractional anisotropy at the levels of compression.
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Figure 5. Axial T2-weighted image of the cervical spine (A) in patient with myelopathy sho

£

£

ws disk herniation compressing the spinal cord, without

visible spinal cord abnormality. Axial FA map of the spinal cord at the same level (B) reveals large area of decreased fractional anisotropy

in the region of the spinal cord adjacent to the herniated disk.

of myelopathy, although postoperative neurologic improve-
ment was more common in patients with intact fibers on
tractography in comparison to those with interrupted fi-
bers on tractography.

It may be concluded that DTT with ADC and FA measure-
ments seems to be an efficient method in assessing the de-
gree of severity of degenerative myelopathy; hence it is po-
tentially helpful in the planning of its treatment.

Demyelinating and infectious diseases

In multiple sclerosis, DTI studies have shown changes in
normal-appearing cervical spinal cord. A statistically sig-
nificant decrease of FA was found in the lateral and poste-
rior parts of the spinal cord, while central gray matter was
involved to a lesser degree [24,25]. The decrease of FA in
the cervical spinal cord was correlated with the severity of
clinical symptoms, what may be helpful in follow-up of the
disease and treatment effects [24,26]. This decrease was
proved to be significantly more severe in patients with the
primary progressive type of multiple sclerosis, but not those
with the relapsing-remitting type [26].

In inflammatory diseases of the spinal cord there was de-
tected statistically significant decrease of FA in the focal le-
sions, suggesting edema or degradation and damage of the
white matter fibers. The areas of decreased FA have also
been found in normal-appearing areas of the spinal cord
in this group of patients, which was correlated with clinical
manifestation [27].

Recently, there have been published studies concerning
the use of DTI in evaluation of HIV-associated myelopa-
thy (HIVM) [28]. The authors proved that asymptomatic
HIV-positive patients demonstrated only slightly decreased
mean FA values measured in the cervical spinal cord com-
pared to healthy controls, with the greatest difference in the

lateral column of the cervical spinal cord [28]. This initial
report does not support the use of DTT for early detection
of HIVM in asymptomatic HIV-positive patients; however,
the presence of the minor changes mentioned above is en-
couraging for further DTI studies on HIVM.

Other diseases

DTT also enables evaluation of the degradation of the spi-
nal cord white matter tracts in selected neurodegenera-
tive diseases such as amyotrophic lateral sclerosis (ALS)
or Hirayama disease [5,8]. DTI and DTT also seem to be
useful in assessment of ischemic lesions by qualitative and
quantitative evaluation of the severity of damage to the spi-
nal cord in typical anterior locations [12].

CONCLUSIONS

Diffusion tensor imaging (DTI) of the spinal cord is a prom-
ising advanced technique, which may provide addition-
al diagnostic information in analysis of many pathological
changes of the spinal cord. There are many technical limi-
tations of DTI, especially in thoracic and lumbar segments.
The wider use of 3T scanners, as well as development of ac-
quisition and postprocessing techniques, should result in
the increased role of spinal cord DTI in both research and
clinical practice.
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