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Kinetic DTI of the cervical spine: diffusivity changes

in healthy subjects
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Abstract

Introduction The study aims to assess the influence of neck
extension on water diffusivity within the cervical spinal cord.
Methods IRB approved the study in 22 healthy volunteers.
All subjects underwent anatomical MR and diffusion tensor
imaging (DTI) at 1.5 T. The cervical cord was imaged in
neutral (standard) position and extension. Segmental vertebral
rotations were analyzed on sagittal T2-weighted images using
the SpineView® software. Spinal cord diffusivity was mea-
sured in cross-sectional regions of interests at multiple levels
(C1-C9).

Results As a result of non-adapted coil geometry for spinal
extension, 10 subjects had to be excluded. Image quality of the
remaining 12 subjects was good without any deteriorating
artifacts. Quantitative measurements of vertebral rotation
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angles and diffusion parameters showed good intra-rater reli-
ability (ICC=0.84-0.99). DTI during neck extension revealed
significantly decreased fractional anisotropy (FA) and in-
creased radial diffusivity (RD) at the C3 level and increased
apparent diffusion coefficients (ADC) at the C3 and C4 levels
(p<0.01 Bonferroni corrected). The C3/C4 level
corresponded to the maximal absolute change in segmental
vertebral rotation between the two positions. The increase in
RD correlated positively with the degree of global extension,
i.e., the summed vertebral rotation angle between C1 and C5
(R=0.77, p=0.006).

Conclusion Our preliminary results suggest that DTI can
quantify changes in water diffusivity during cervical spine
extension. The maximal differences in segmental vertebral
rotation corresponded to the levels with significant changes
in diffusivity (C3/C4). Consequently, kinetic DTI measure-
ments may open new perspectives in the assessment of neural
tissue under biomechanical constraints.

Keywords Diffusion-weighted imaging (DWI) - Diffusion
tensor imaging (DTI) - Cervical spine - Biomechanics

Introduction

Diffusion tensor imaging (DTI) has been shown to comple-
ment morphological MRI in the assessment of neuronal integ-
rity [1, 2]. Spinal DTI can detect subtle spinal cord damage of
functional relevance in cervical spondylosis, even in the ab-
sence of corresponding signal alteration on T2-weighted
(T2w) images [3]. Other studies revealed a correlation of
DTI with clinical and electrophysiological measures in patient
suffering from chronic spinal cord injury [4] or amyotrophic
lateral sclerosis [5]. In addition, DTI can be used to identify
and quantify Wallerian degeneration in descending motor
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tracts after stroke [6] or to assess the functional integrity of
peripheral nerves [2, 7].

A recent ex vivo DTI study with Monte Carlo simulations
[8] suggested that axonal undulation in the spinal cord and the
peripheral nervous system could influence quantitative diffu-
sion measurements. Thus, movements of spine or tension
forces on peripheral nerves may have an effect on the inter-
axonal water diffusion within these neural structures.
Application of DTI to the peripheral nervous system is tech-
nically challenging due to the small cross-sectional area of the
nerve tissue. Regarding the spinal cord, upright low-field MR
systems have been used for its dynamic assessment, but they
provided limited signal-to-noise ratios [9], impeding reliable
DTI measurements. Thus, to assess the effect of tension and/or
compression on the cervical spinal cord, we propose DTI ac-
quisitions in neutral supine position and during neck extension
in a high-field whole body MR system.

To interpret potential dynamic changes in diffusivity within
the spinal cord, biomechanical aspects have to be taken into
consideration [10]. Quantification of segmental motion,
reflected by an increase in the intervertebral angles during
extension, may indicate the spinal cord level with the most
prominent changes in axonal undulation. Nonetheless, the ef-
fect of segmental vertebral rotations may be influenced by the
diameter of the spinal canal in neutral position and during
extension [11-14].

Thus, the aim of the current study was to assess the influ-
ence of cervical spine extension and its corresponding biome-
chanical parameters on the diffusivity within the cervical spi-
nal cord in healthy subjects.

Methods

This prospective cross-sectional study was approved by the
local institutional review board, and all subjects provided in-
formed consent. Twenty-two healthy volunteers were exam-
ined (13 women and 9 men, age (mean+SD) 52.1+7.2 years,
age range 34-61 years). Inclusion criteria were age older than
18 years, good physical health, no history of acute or chronic
cervical back pain, no history of cervical spine trauma, and
absence of clinical signs of spinal canal stenosis or cervical
nerve root entrapment. Exclusion criteria were contraindica-
tion to MR, spinal canal stenosis [15], signs of myelopathy on
T2-weighted (T2w) MR images [16], abnormal segmental
motion (spondylolisthesis), and image artifacts relevant for
further image processing.

Image acquisition
Morphological and diffusion tensor imaging of cervical spine

was performed on a 1.5 T MR system (MAGNETOM Avanto,
Siemens Healthcare, Erlangen, Germany). The cervical cord

was imaged in neutral position and during extension with a
standard MR receive coil dedicated to spinal imaging.
Extension was standardized by placing a foam role posterior
to the mid-cervical segment, resulting in a moderate neck
extension. In order to minimize a potential technical bias, we
acquired a second localizer for the modified position
(extension) and adapted the axis of our DTI box again along
the long axis of the spinal cord from C1 to C5. Sagittal and
axial T2w turbo-spin echo images were acquired for anatom-
ical correlation with the following sequence parameters: TR,
4080 ms; TE, 107 ms; echo-train length, 17; field of view,
180 x 180 mm; image matrix, 448 x 336; slice thickness,
3 mm; number of averages, 2; bandwidth, 190 Hz/Px.
Single-shot echo-planar imaging (EPI) DTI was performed
in the sagittal plane using 25 non-collinear gradient directions.
Sensitivity encoding (SENSE) acceleration with a factor 2 was
accomplished in order to reduce geometrical distortions [17].
All subjects were imaged under free breathing. Six spatial pre-
saturation bands were placed to reduce ghosting artifacts from
fat. B values were set at 0 and 900 s/mm?; TR, 2000 ms; TE,
95 ms; field of view, 180 x 180 mm; image matrix, 128 X 128;
slice thickness, 3 mm; slice spacing, 0; resulting voxel size,
1.4 % 1.4x3 mm?>; number of slices, 12; number of aver-
ages =4; bandwidth, 1500 Hz/Px; total acquisition time,
4 min 26 s. These scan parameters are in accordance with
recent literature [6, 18].

Image analysis

Segmental vertebral rotation was analyzed on sagittal T2w
images. For both positions, the SpineView® software (Paris,
France) was used to manually identify the 4 corners of each
cervical vertebral body from C2 to C7, and anterior and pos-
terior points on the vertebral body of C1 (Fig. 1). From these
points, the orientation of the vertebra was defined as the mean
normed vector of the postero-anterior normed vectors of its
superior and inferior end plates for level C2 to C7 and with the
normed vector defined by the posterior and anterior points of
C1. The mobility of each cervical level CkCk+1 was then
obtained using a dot product between the two normed vectors
of Ck+1 vertebra for 2 different spinal orientations, calculated
after alignment of the 2 normed vectors of the Ck vertebra.
The vertebral rotation angle was calculated between adjacent
vertebrae. Two separate readers performed the measurements
independently of each other in order to calculate inter-reader
reliability. The width of the spinal canal in neutral position and
during extension was measured at each level on sagittal T2w
images according to Pavlov’s ratio, i.e., the ratio of the diam-
eter of the spinal canal to the diameter of the vertebral body
[19], and to the space available for the cord (SAC), i.e., the
ratio of the diameter of the spinal cord to the diameter of the
spinal canal [20].
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Fig. 1 Sagittal T2w turbo-spin echo MR images in the neutral position
(a) and during neck extension (b). The SpineView® software was used to
analyze the segmental vertebral rotation angles of the cervical spine.
Superior (red) and inferior (yellow) end plates were estimated for each
vertebral body. The pink line shows the best fit through mid-point of
vertebral bodies

Prior to further quantitative analyses, all DTI images were
examined for geometrical distortions and other artifacts such
as ghosting. In relation to a non-adapted coil geometry (stan-
dard MR receive coil) quantitative assessment of water diffu-
sion was limited to the levels C1-C5. Spinal cord diffusivity
parameters such as fractional anisotropy (FA), apparent diffu-
sion coefficient (ADC), axial diffusivity (AD), and radial dif-
fusivity (RD) were measured on a voxel-by-voxel basis
(MedINRIA software, Version 1.9.0, Sophia Antipolis,
France). Two independent readers assessed the reliability of
the quantitative measurements by drawing whole spinal cord
cross-section regions of interest (ROI) on the axial b0 images
(C1-C5). To limit partial volume effects, i.e., inclusion of
voxels containing cerebrospinal fluid (CSF), voxels extending
into the CSF were excluded during ROI placement and only
voxels with main eigenvectors (A1) in the cranio-caudal direc-
tion were considered for further processing. The measured
diffusion values include ascending and descending tracts as
well as central grey matter.

Statistical analysis

All statistical tests were performed using the STATISTICA
software (Version 10, StatSoft, Inc., Tulsa, OK, USA). Inter-
reader reliability of the DTI measurements and the biome-
chanical analyses were evaluated by calculating intra-class
correlation coefficients (ICCs). ICC values were interpreted
according to Kundel and Polansky [21]. Means of summed
vertebral rotation angles between subjects with and without
artifacts were assessed with independent sample ¢ tests.
Differences of diffusion parameters between the neutral posi-
tion and extension were evaluated using general linear model

ANOVAs with two within-group factors: level (C1-C5) and
position (neutral/extension). Bonferroni post hoc tests were
used to investigate position differences at each level.
Pearson correlation tests were performed between DTI vari-
ables showing significant effects of position and summed ver-
tebral rotation angle. A non-parametric sign test was used to
test whether subjects had increased or decreased vertebral ro-
tation angles between the two positions at a single level.
Statistical significance levels were set at a=0.05.

Results

As a result of non-adapted coil geometry for cervical spine
extension, 10 subjects had to be excluded from further analy-
sis due to various artifacts (predominantly ghosting and
aliasing). Image quality of the remaining 12 subjects was good
without any deteriorating artifacts. The means of the summed
vertebral rotation angles between subjects with and without
artifacts did not show any significant difference (mean = SD,
6.8+7.6 and 3.7£8.2°, respectively; p=0.39). None of the
patients had to be excluded due to spinal canal stenosis, signs
of cervical cord myelopathy, or abnormal segmental motion.

Biomechanics

Vertebral rotation angle measurements showed good inter-
rater reliability (ICC=0.84). A maximal absolute change in
segmental vertebral rotation of 2.9 +£4.2° between neutral po-
sition and extension was found at the C3/C4 level, however
without reaching statistical significance (p=0.14; Fig. 2a). At
this level, 9 out of 11 subjects (82 %) showed an increase in
the local vertebral rotation angle (sign test, p=0.07; Fig. 2b).
Pavlov’s ratio across all levels was decreased in extension
(mean £ SD, 0.88+0.13 in neutral position, 0.86=0.12 in
extension) but not to a significant degree (p=0.19). The space
available for the cord (SAC) did not show any group differ-
ence between the two positions (p=0.53).

Diffusion tensor imaging

Quantitative DTT measurements showed good inter-rater reliabil-
ity for FA, ADC, AD, and RD (ICC 0.92, 0.96, 0.99, and 0.86,
respectively). ANOVA indicated an interaction between position
(neutral/extension) and level (C1-C5) for FA (p=0.021), ADC
(»=0.003), AD (p=0.015), and RD (»p=0.010) (Fig. 3).
Bonferroni post hoc tests revealed a significant decrease in FA
during extension at the C3 level (»p=0.001; Fig. 3a). ADC in-
creased significantly during extension at the levels C3 and C4
(Bonferroni corrected p<0.01: Fig. 3b). AD did not show any
significant change after Bonferroni post hoc correction (Fig. 3c).
RD increased significantly during extension at the C3 level
(Bonferroni corrected p=0.0001; Fig. 3d). Post hoc ANOVA
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Fig. 2 a Relative vertebral angle
(mean + SE) in neutral position
(filled triangles) and extension
(open circles) across cervical
levels calculated using Spine
View®. The maximal absolute
change in segmental vertebral
rotation between neutral position
and extension was found at the
C3/C4 level. b At C3/C4 level,
82 % of the healthy volunteers
showed an increase in the local
vertebral rotation angle. ¢ At the
C3 level, the change in RD
(extension-neutral) correlated
negatively with the degree of
extension, i.e., the summed
vertebral rotation angle between
C1 and CS5. Subjects with greater
vertebral angle during extension
(compared to neutral) showed a
greater increase in RD at C3 level

Fig. 3 Changes in FA, ADC,
AD, and RD between neutral
position and extension. a
Significant decrease in FA (mean
+ SE) during extension (open
circles) compared to neutral
(filled triangles) at the C3 level
(*»<0.001). b ADC increased
during extension at C3 and C4
levels (*p<0.01). ¢ No
significant changes in AD were
found. d Significant increase in
RD during extension at the C3
level (*p<0.0001)
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showed an equal number of voxels included in ROIs across
levels in neutral position and extension (position F'=1.9,
p=0.19; position x level F=0.49, p=0.75).

Correlation of biomechanics and DTI

At levels C3 and C4, the increase of RD correlated positively
with the degree of overall extension, i.e., the summed verte-
bral rotation angle between C1 and C5 (R=0.77 with
p=0.006 at C3, Fig. 2c; and R=0.61 with p=0.047 at C4).
No correlation was found at the levels C1, C2, and C5.
Although not significant, FA changes (neutral/extension)
showed a trend for a positive correlation with the summed
vertebral rotation angles (R=0.53, p=0.09). This is illustrated
in Fig. 4, which shows larger RD and FA changes at the C3
level between the neutral position and extension for a subject
with a large-summed vertebral rotation angle (A, B, C) and
smaller RD and FA changes for a subject with a small-
summed vertebral rotation angle (D, E, F).

Discussion
Diffusion tensor imaging revealed changes in diffusivity with-

in the cervical spinal cord during neck extension in healthy
subjects. To our best knowledge, this is the first in vivo study

Neutral position

Fig. 4 Color-coded alterations in FA and RD within the whole spinal
cord cross-section ROIs at the C3 level between the neutral position and
extension (image interpolation implemented in the MedINRIA DTI
viewing tool; quantitative analyses performed on raw data). The
changes in FA and RD are proportional to the summed vertebral
rotational angle. In a subject with a large-summed vertebral rotation

demonstrating alteration in water diffusion in human neural
tissue after biomechanical alterations. The application of DTI
to the spinal cord is technically challenging due to the rather
small cross-sectional area of the spinal cord, cardiac and re-
spiratory motion, and varying magnetic susceptibility [22].
Nonetheless, after exclusion of artifact-deteriorated images,
quantitative DTI measurements were found to be robust with
good inter-rater reliability.

Based on studies by Breig [23] and Shacklock [24] describ-
ing predominant compression forces on the cervical spinal
cord during posterior bending, Nilsson [8] proposed an in-
crease in axonal undulation in the spinal cord during cervical
spine extension. Our results are line with this assumption,
revealing a significant segmental decrease of FA and a signif-
icant increase of ADC and RD after neck extension. These
alterations coincided with the level of maximal absolute
change in segmental vertebral rotation between the two posi-
tions (observed at the C3/C4 level). In addition, RD at this
level correlated negatively with the degree of overall exten-
sion, i.e., the summed vertebral rotation angle between C1 and
C5. A decrease in FA, i.e., the degree of anisotropic water
diffusion along the axons, may indicate more undulated ner-
vous fibers as previously described in the referenced analyti-
cal model with Monte Carlo simulations [8]. AD reflects the
principal eigenvector (A1) of the calculated diffusion tensor,
RD the mean of the remaining two eigenvectors perpendicular

Extension

angle (16.4°) (a), changes in FA (b) and RD (c) are larger than changes
in FA (e) and RD () in a subject with a small negative-summed vertebral
rotation angle (—3.5°) (d). The calibration bar reflects FA values between
0.1 (black) and 0.6 (yellow) and RD values between 0.2 (black) and 1.4
(vellow), respectively
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to Al, i.e,, A2+A3)/2, and ADC the summation of all three
eigenvectors Al +A2 +A3. Consequently, the increase of ADC
and RD is congruent to the decrease in FA, yet reflecting
different aspects of diffusion properties. Interestingly, RD
has been shown to be the most sensitive parameter for detec-
tion of lateral spinal cord compression in patients suffering
from cervical spondylosis [3], a phenomenon that primarily
affects the myelin sheath [2]. On the contrary, and consistent
with our results, AD is primarily affected by axonal patholo-
gies, rather than by neuronal compression [25].

In order to minimize a potential technical bias regarding
our non-isotropic voxels and the positional change, we ac-
quired a second localizer for the modified position
(extension) and adapted the axis of our DTI box again along
the long axis of the spinal cord from C1 to C5. Our statistical
analysis showed an equal number of voxels included in ROIs
across levels in neutral position and during extension.
Although a change in the axis of the ROI to the diffusion
DTI matrix between neutral position and extension cannot
be fully ruled out, this result suggests a constant spinal cord
volume in the two positions. In addition, the applied 25 non-
collinear directions ensured good sampling of diffusion within
3D space, thus potential directional alterations of nerve tracts
between the two positions should not influence the measured
parameters to a significant degree.

Anatomical characteristics may influence biomechanics of the
spine [12, 26]. However, the Pavlov ratios and the SAC mea-
surements did not reveal any distinct alterations in spinal canal
diameter during cervical spine extension. Interestingly, at C3/4,
the level with the maximal change in segmental vertebral rota-
tion, 82 % of the subjects showed an increase of the rotation
angle after moderate neck extension. This local change might
indicate a more consistent feature of biomechanics in the healthy
spine, although the results need to be replicated.

The examined effect of axonal undulation on water diffu-
sivity may play a role in DTI imaging when investigating the
spine but also when assessing the peripheral nervous system.
Consequently, standardized positioning of the patient in the
MR scanner is a prerequisite in order to generate reliable and
reproducible DTI data. It has to be taken into consideration
that the degree of traction and/or compression may alter DTI
measurements also in the periphery, for instance in the optic,
ulnar, or sciatic nerves. Recently, cervical nerve root displace-
ment and strain during upper limb neural tension testing has
been confirmed in cadavers [27, 28]. Thus, nerve root entrap-
ment may alter quantitative DTI values not only by direct
compression [29] but potentially also by nerve displacement
and tension.

Limitations

The number of healthy volunteers in this pilot study was
rather small, notably after exclusion of images with

interfering artifacts due to non-adapted coil geometry.
The same constraints permitted only moderate cervical
spine extension and a quantitative assessment of water dif-
fusion limited to the levels C1-C5. More pronounced ex-
tension might reveal more distinct changes in the measured
diffusion parameters, but a better-adapted or flexible MR
coil is advocated. With respect to previous studies [8, 23,
24], describing predominant axial compression forces on
the cervical spinal cord during extension, whole cross-
section ROIs were used for our measurements. In regard
to the exact distribution of compression and distraction
forces on the spinal cord during bending, further in vivo
studies with a focus on the segment C3/4 and with a high
isotropic spatial resolution are required to examine the re-
lationship of anatomical and biomechanical characteristics
with the axial distribution of these two components and to
confirm our preliminary results by further minimizing a
potential technical bias. This would allow investigation of
potential differences between the ventral and dorsal spinal
cord and between the white and gray matter. In addition, to
analyze the effects of cervical spine flexion, we encourage
further studies with a more adapted MR coil or advanced
artifact suppression techniques.

Conclusion

Our preliminary results suggest that diffusion tensor imaging
can detect and quantify changes in water diffusivity during
cervical spine extension in healthy subjects. The evoked effect
of axonal undulation [8] may play a role in DTT imaging when
investigating the cervical spine in patients with abnormal bio-
mechanical constraints (e.g., in spondylotic myelopathy) and
potentially also when assessing the peripheral nervous system.
Further studies are warranted to assure that posture-induced
cervical diffusion changes are completely attributable to bio-
logical causes and not influenced by technical constraints.
Nonetheless, the measured effect has to be taken into consid-
eration when assessing the reproducibility of DTI
measurements.
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