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Abstract

Purpose Diffusion tensor imaging (DTI) in flexion-extension may serve as a diagnostic tool to improve the sensitivity for
detection of myelopathy. In this study, the feasibility and reproducibility of dynamic DTI in the cervical spinal cord was
assessed in healthy volunteers and patients.

Methods All subjects were examined in maximum neck flexion-extension in a 3T magnetic resonance imaging (MRI)
scanner. Range of motion, space available for the spinal cord, fractional anisotropy (FA) and apparent diffusion coefficient
(ADC) were measured and compared between the neck positions.

Results Volunteers showed no variation in ADC and FA. In patients, extension produced higher ADC in the diseased
than in the control segments (p=0.0045). The ADC of the affected segments was higher in extension than in the neutral
position (p=0.0030) or in flexion (p=0.0002). The FA was significantly lower in extension in patients at both the control
level C2/3 (p=0.0154) and the affected segment (p=0.0187).

Conclusions Dynamic DTI of the cervical spine is feasible and ADC increased in the patient group in extension. This
finding may open a previously unexplored avenue to attempt an earlier identification of myelopathy.
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Introduction

The use of T2-weighted magnetic resonance imaging (MRI)
is the gold standard for detection of myelopathy in degener-
ative cervical spinal canal stenosis; however, intramedullary
hyperintensity (IHIS) on T2-weighted imaging only has
a sensitivity of 61% for the detection of clinical myelopa-
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thy compared to a sensitivity of 80% for increased in-
tramedullary apparent diffusion coefficient (ADC) values
[1]. The sensitivity of T2-weighted imaging for previ-
ously undetected spinal cord compression can be slightly
improved by performing dynamic flexion-extension T2-
weighted imaging [2]. Moreover, T2 signal hyperintensi-
ties may reveal an otherwise undetected myelopathy [3].
While the technique of flexion-extension MRI is not yet
in widespread clinical use, its superior sensitivity suggests
that it might render T2-weighted imaging modality suitable
for the detection of myelopathy.

A diffusion tensor imaging (DTI) sequence performed
with extension and flexion of the cervical spine may com-
bine the advantages of the higher sensitivity of DTI with the
added sensitivity of a flexion-extension study. Potentially,
the appearance of a signal change in a specific position
could lead to an earlier detection of myelopathic changes
in the spinal cord. In turn, this could facilitate decision-
making for clinically symptomatic patients with no clear
sign of myelopathy on conventional MRI; however, imag-
ing of the spinal cord presents several challenges, such as
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spatially inhomogeneous magnetic field environment when
in an MRI system, small physical dimensions of the cord
cross-section, physiological motion, not to forget the ad-
ditional scanning time; therefore, DTI is not yet routinely
performed in detection of myelopathy. The aim of the cur-
rent study was to assess the feasibility of flexion-extension
DTI as part of a standard cervical spine study in healthy
volunteers and patients with clinical symptoms suggesting
a potential cervical spinal stenosis.

Materials and Methods
Subjects

This prospective study was approved by the local ethics
committee and funded by the institutional research fund
(Study no. 1410.000.034). This study was designed as
a two-step feasibility study: first, a group of healthy vol-
unteers (n=16) underwent MRI scans in flexion, neutral
position and extension. After proving feasibility, MRI
scans were performed in patients with cervical complaints
(n=11) and a clinical suspicion of degenerative cervical
spinal disease. All subjects provided written informed con-
sent for participation in the study. All participants were
requested to signal possible tingling, weakness, pain and
discomfort during the examination at any time. Healthy
volunteers had no prior history of cervical complaints.

Patients with evidence of prior inflammatory nervous
system disease (n=1), significant neck trauma (n=1) and
prior spinal surgery (n=1) were excluded from the study.
Clinical data obtained from the remaining 11 recruited pa-
tients included the presence of neck pain, the presence of
radicular pain irradiating into the shoulder or upper ex-
tremities, duration of symptoms and the modified Japanese
Orthopedic Association (mJOA) score [4].

Magnetic Resonance Imaging

Spinal MRI was performed on a 3T Skyra with 20-chan-
nel head- and spine coil (Siemens Healthcare, Erlangen,
Germany). The average scan time for all sequences includ-
ing repositioning of the healthy volunteers was 65+ 11 min.
After completion and analysis of the volunteer part of the
study, we shortened the protocol for the comfort of the pa-
tients (average 37+ 9 min which resulted from omitting ax-
ial DTI between C2/3 and the affected segment). The imag-
ing protocol consisted of the following sequences: sagit-
tal T2-weighted turbo spin echo (TSE) with the following
parameters: acquisition time (TA) of 3:20min, repetition
time (TR) of 3500 ms, echo time (TE) of 126 ms, echo train
length of 19, slice thickness of 3mm and 1 average along
the whole length of the cervical spinal cord. The DTI was
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obtained in axial and sagittal directions in healthy volun-
teers, whereas DTI of the patient group was obtained only
in sagittal direction (axial scans were obtained arbitrarily at
levels C2/3 and C4/5). The sagittal scan covered the whole
cervical spinal cord. Axial images were executed perpen-
dicular to the spinal cord using the RESOLVE diffusion
sequence [5], permitting acquisition of multishot diffusion-
weighted echoplanar scans (TA=3:40min, TR=1800ms,
TE=62ms, 3mm slice thickness, 2 averages, b values of
0 and 750s/mm?). A sagittal diffusion-weighted scan fol-
lowed (TA=4min, TR=1700ms, TE=62ms, 3mm slice
thickness, 2 averages, b values of 0 and 750s/mm?). The
dynamic examination was performed with as much active
neck flexion as the participant could achieve without dis-
comfort. Head and shoulders were stabilized using padding.
We did not attempt to achieve standard predetermined po-
sitions thus allowing each subject to find a comfortable po-
sition within the head coil. All sequences were performed
in flexion, extension and neutral neck positions.

The FA and ADC values were automatically created by
the Siemens scanner based on a deterministic fixed step
tracking algorithm using the directional information de-
scribed by the diffusion tensor. Additionally, it also uses
a Gaussian model for DTI, where the model spreads sev-
eral seeds per voxel and takes the neighboring DTI voxel
information into account by interpolation [6]. Furthermore,
data quality was checked continuously. There were no out-
liers requiring evaluation of data quality. No subjects were
excluded on grounds of missing or implausible DTI data.

Image Analysis

Experienced neuroradiologists (1 >20 years, 1 >5 years ex-
perience) screened the sagittal T2-weighted images for pos-
sible cervical stenosis, spinal cord atrophy, focal or diffuse
signal abnormalities or nerve root compressions. Measure-
ments were performed in a team and possible incongru-
ences in defining the area of interest were resolved by mu-
tual agreement. Sagittal canal diameters, as well as anterior
and posterior length of spinal cord from the lower endplate
of C2 to the lower endplate of C7, were measured. Cen-
tral canal compression was graded according to the Muhle
classification as described by Bartlett et al. [2]: normal (0):
cerebrospinal fluid (CSF) visible dorsal or ventral, not in-
dented on sagittal, and normal shape on axial: equivocal (1):
no CSF visible dorsal and ventral on sagittal and/or axial,
but not indented or displaced on sagittal (i.e. “nipped”), or
atrophic or flattened but CSF visible dorsal and/or ventral:
compressed (2): no CSF dorsal and ventral plus indented or
displaced on sagittal, and/or flattened on axial. The angle
between a line parallel to the lower endplate C2 to the lower
endplate of C7 served as a measure of angulation (Cobb an-
gle; Fig. 1). In the DTI dataset, mean ADC and FA values
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Fig.1 Positioning and measurements. a In order to perform imaging in the extension position, the upper body was slightly elevated with foam
padding. Thus, the head was fitted into the head coil in hyperextension (“chin up”). For scanning in the flexion position, the upper body lay
flat, allowing inclination of the head (“chin down”) using foam padding which was placed in the head coil. b Sample images from a patient.
T2-weighted imaging demonstrates stenosis at the C5/6 level. Sagittal apparent diffusion coefficient (ADC) maps were used to assess ADC values
in the spinal cord at two levels. First, the segment affected by stenosis was measured (“affected”, red region of interest) by selecting the spinal cord
over a length of about 10 mm centered on the disc space. C2/3 (“healthy”, green region of interest) served as a control level. Fractional anisotropy
(FA) values were assess in an analogous manner. ¢ The angle between a line parallel to the lower endplate C2 to the lower endplate of C7 served as
a measure of angulation (Cobb angle). d Sagittal canal diameters (red arrows) were measured from the lower endplate of C2 to the lower endplate

of C7 at the level of each disc space

were obtained on MATLAB software (Natick, MA, USA).
The region of interest for ADC and FA measurements was
the spinal cord at a length of 10mm on a midline section
centered on the disc. In healthy volunteers, measurements
were performed at the C2/3 and C4/5 levels. In patients, we
obtained measurements at a control level (defined as C2/3
which was never affected by stenosis or myelopathy) and
at the level of stenosis (Fig. 2).

Statistical Analysis

Statistical analysis was performed using the SPSS 21.0 for
Windows statistical package (IBM, Armonk, NY, USA).
Mean age, weight, height, BMI and range of motion were
compared between healthy volunteer and patient groups.
For measurements in healthy subjects, the corresponding
index segments C2/3 and C4/5 were chosen for apparent
diffusion coefficient (ADC) and fractional anisotropy (FA)
assessments on ADC and FA sequences, respectively. In
patients, we obtained control values from the unaffected
segment (C2/3 in all cases) and compared it to the seg-
ment affected by stenosis. The AADC and AFA values
were compared to patients without IHIS. Student’s t-test
was used to compare the normally distributed data and the
Whitney-Mann U-test was used for non-parametric testing

in case distribution was non-normal. Sex distribution be-
tween groups was compared using a y>-test.

The Inter-rater reliability, i.e. the level of agreement be-
tween raters, was calculated as percentage agreement. Intra-
class correlation (ICC) that reflects the degree of correlation
and agreement between the measurements was calculated
as follows: ICC=(SD_of_subjects_true_values)%((SD_of_
subjects_true_values)?+ (SDS_measurement_error)?).

Results
Basic Parameters

The healthy volunteer group consisted of 16 subjects with a
mean age of 37.8+17.0 years, 9 (64%) male, average BMI
23.4+ 6.3 without any prior history of cervical complaints.
The patient group included 11 subjects with suspected cer-
vical myelopathy who underwent MRI scans for diagnostic
reasons. Patient mean age was 55.0+ 14.2 years, 5 subjects
(36%) were male and the average BMI was 27.7+ 6.4. Ex-
cept for lower age in the healthy volunteer compared to the
patient group (p=0.01, Table 1), the epidemiological and
clinical baseline characteristics were well matched. Flex-
ion-extension MRI of the cervical spine was well tolerated
by all participants. There were no complaints except for
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Fig.2 Dynamic diffusion tensor imaging (DTI) of the cervical spine. a Structural T2-weighted magnet resonance imaging is depicted for a healthy
volunteer (/eft) and for a patient (right) in extension, neutral position and flexion. For measurements in healthy subjects (n=16; blue bars), the
corresponding index segments C2/3 and C4/5 were chosen for apparent diffusion coefficient (ADC) and fractional anisotropy (FA) assessments on
ADC and FA sequences, respectively. In patients (n=11), we obtained control values from the unaffected segment (C2/3 in all cases; green bars)
and compared it to the segment affected by stenosis (segments C3/4, C4/5, C5/6 or C6/7; red bars). b Out of 11 patients 6 (55%) had intramedullary
hyperintense signals (IHIS; orange bars) at the affected segments. Their AADC- and AFA-values were compared to patients without IHIS (black
bars; error bar: standard deviation). No significant difference was found in ADC- and FA-values between the groups of patients with and without
IHIS. ¢ In healthy volunteers (blue bars), ADC- and FA-values were highly reproducible, within very close limits, and did not change during
the extension-neutral position-flexion paradigm. In patients, however, extension led to two important changes: First, extension produced higher
ADC-values in the affected segment (red bars) than in the control segment (green bars; p=0.0045). Second, ADC-values of the affected segments
were higher in extension than in the neutral position (p=0.0030) or in flexion (p=0.0002). FA values were significantly lower in extension in
patients at both the control level C2/3 (p=0.0154) and the affected segment (p=0.0187)

Table1 Baseline chargcter— Healthy Paticnts povalue

istics and range of motion volunteers (n= 16) (n=11)

(between-group comparison

of continuous variables was Age (years) 37.8£17.0 55.0+14.2 0.01

performed using t-tests; sex Male sex (n, %) 9 (64.3%) 5(35.7%) 0.58

distribution was compared using - yyejgpt (kg) 71.2+17.9 85.1+25.9 0.16

¥°-tests; values are presented as .

meanz SD) Height (cm) 174.8+12.1 174.1x£11.6 0.91
Body mass index (kg/m?,) 23.4+6.2 27.7+6.4 0.15
Range of motion (°) 45.6x17.4 36.0x11.6 0.12
Angle extension (°) 39.9+12.0 29.1+£9.1 0.02
Angle neutral position (°) 17.7+12.1 14.9+9.5 0.53
Angle flexion (°) -5.6+12.9 -6.9+13.1 0.80

temporary tingling in the upper extremities of one healthy  Clinical Parameters

participant, which resolved within minutes after the exam-

ination. In the patient group, neck pain was the predominant symp-
tom in 9 out of 11 patients (81.8%) and radicular pain was
the reason for imaging in 1 case (9.1%). A clinical suspicion
of myelopathy was present in 4 patients (38.4%). The av-
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Fig.3 Sagittal diameter of the spinal canal. Based on T2-weighted imaging, we measured the sagittal diameter of the spinal canal at the level
of each disc (space available for the cord, shown in mm). The left bar graph depicts average values for healthy volunteers (n= 16), the right side
shows values of patients with cervical spinal complaints (n=11). Sagittal spinal canal diameters (space available for the cord) were compared
across groups and positions. All spinal canal diameters were lower in patients than healthy volunteers (all p-values <0.05). In healthy volunteers,
no significant spinal narrowing was produced in extension position. In patients, we found significantly lower diameters in extension compared to
flexion at levels C3/4, C4/5 and C5/6 (p-values 0.041, 0.015 and 0.041, respectively)

Fig.4 Proportion of stenotic
segments during extension, neu-
tral position and flexion. We
graded cervical spinal canal
stenosis in patients (n=11) us-
ing the Muhle scale as employed
by Bartlett et al. [2] based on
sagittal T2-weighted imaging.
All segments with the exception
of C2/3 and C7/Th1 showed dy-
namic increases in stenosis with
increasing degree of extension.
Y-axis number of patients, Red
bars severe stenosis with cord
compression, Yellow bars cord
touched with no visible cere-
brospinal fluid layer on one side,
Green bars cord surrounded by
cerebrospinal fluid on both sides
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Table2 Diffusion weighted imaging parameters (values are presented as mean+ SD)

Healthy (C2/3) Patient (unaffected level, C2/3) Patient (affected level)

ADC FA ADC FA ADC FA
Extension 1.254+0.131 0.672+0.035 1.209+0.210 0.633+0.035 1.454+0.209 0.617+0.049
Neutral 1.239+0.150 0.682+0.050 1.235+0.158 0.666+ 0.054 1.257+0.194 0.660+0.053
Flexion 1.266+0.116 0.672+0.071 1.216+0.306 0.678+0.033 1.246+0.251 0.671+0.033

ADC apparent diffusion coefficient, FA fractional anisotropy

erage duration of symptoms was 37.8+51.2 weeks (range:
2—144 weeks). The mean mJOA score was 16.3+1.6.

Imaging Findings

Although the overall range of motion was not different be-
tween the two groups, extension was limited to an average
of 29°+9 in patients compared to 40°+ 12 in volunteers
(p=0.02; Table 1).

Sagittal spinal canal diameters (space available for the
cord) were compared across the groups and positions
(Fig. 3). All spinal canal diameters were lower in patients
than in healthy volunteers (p<0.05). No significant spinal
cord narrowing was produced in extension in healthy
volunteers. In patients, significantly lower diameters in
extension compared to flexion at levels C3/4, C4/5 and
C5/6 (p<0.05) were observed. In accordance, the degree of
spinal canal stenosis according to the Muhle classification
increased with the extension position (Fig. 4). The IHIS on
T2-weighted imaging was found in 6 patients (55%) and
was generally identifiable in all 3 positions.

Apparent Diffusion Coefficient Maps and Fractional
Anisotropy

In healthy volunteers, ADC and FA values were highly re-
producible, within very close limits, and did not change
during the dynamic examination (Table 2). Average ADC
values were 1.25+0.1 (extension), 1.24+0.2 (neutral) and
1.27+0.1 (flexion) and FA values were 0.67+0.04 (exten-
sion), 0.68+0.05 (neutral) and 0.67+0.07 (flexion). In pa-
tients, however, extension led to two important changes:
first, extension produced higher ADC values in the dis-
eased segment than in the control segment (1.21+0.2 at the
reference level compared to 1.45+0.2 at the affected level;
p=0.0045) and second, ADC values of the affected seg-
ments were higher in extension (1.45+0.2) than in the neu-
tral position (1.26+£0.2; p=0.0030) or in flexion (1.25+0.3;
p=0.0002). The FA values were significantly lower in ex-
tension compared to flexion in patients at both the con-
trol level C2/3 (0.63+0.04 versus 0.68+0.03; p=0.0154)
and the affected segment (0.62+0.05 versus 0.67+0.03;
p=0.0187).
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Since 6 out of 11 patients (55%) had T2-weighted IHIS
at the diseased segments, we performed a subgroup analy-
sis to assess whether DTI parameters differ because of the
observed signal intensity changes on T2-weighted imag-
ing. Thus, AADC and AFA values from patients with and
without THIS were compared. No significant difference was
found in ADC and FA values between the groups of patients
with and without IHIS (Fig. 1b).

Since 6 out of 11 patients (55%) had T2-weighted
IHIS at the diseased segments, we performed a subgroup
analysis to assess whether DTI parameters differed based
on the observed signal intensity changes on T2-weighted
imaging. Thus, AADC and AFA values from patients with
and without IHIS were compared. Values of AFA=+SD:
no IHIS group (n=5): extension 0.006+0.015, neutral:
0.004+0.011, flexion: 0+0.012; THIS group (n=6): ex-
tension —0.002+0.007, neutral —0.017+0.022, flexion:
0.002+0.008. Values of AADC=+SD: no IHIS group
(n=5): extension 0.164+0.204, neutral —0.058+0.200,
flexion: —-0.026+0.197; IHIS group (n=6): extension
0.307+0.240, neutral 0.062+0.175, flexion: 0.103+0.225.
No significant differences were found in ADC and FA
values between the groups of patients with and without
IHIS (Fig. 1b).

Two observers re-analyzed blinded 4 patients and both
repeated the measurements two times. Results were com-
pared to the original measurement done together in the first
phase of the study. Interrater agreement for all the measure-
ments was between 79% and 92%. Intraclass correlation
(ICC) yielded to ICC=0.9, reflecting an excellent agree-
ment between the measurements.

Discussion

This prospective study assessed the feasibility of flexion-ex-
tension DTT of the cervical spine with a conventional head
and neck coil. Our main finding was that kinematic DTI of
the cervical spine can be tolerated in both healthy volun-
teers and, more importantly, patients with suspected disease
of the cervical spine. The flexion-extension paradigm did
not require any changes in our scanning equipment and,
once streamlined, was performed in little more than half an
hour including a routine cervical spine study. The exten-
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sion paradigm performed in this study confirmed previous
reports about visualizing otherwise inapparent segmental
stenosis on T2-weighted imaging [7], but without the need
for an upright MRI. Finally, we analyzed DTI values of the
spinal cord in flexion, neutral position and extension and
found distinct differences: measurements in healthy vol-
unteers demonstrated that DTI values were highly repro-
ducible and remained stable in all the three neck positions.
In patients however, at stenotic segments, neck extension
produced a change in spinal cord measurements compared
to neutral position or flexion: ADC values increased in the
extension position compared to the neutral and flexion po-
sition. The FA values in extension were lower compared to
the flexion position.

Kinematic DTI

Diffusion tensor imaging produces a three-dimensional wa-
ter diffusion model that reflects the structural continuity of
the white matter fibers [8]. The loss of signal intensity can
be measured in each voxel by the apparent diffusion coeffi-
cient (ADC). If the white matter tracts are disrupted or the
permeability of axonal membranes is increased, the ADC
will increase. Fractional anisotropy, on the other hand, is
a measure of the directional dependence of the ADC, which
decreases with WMT disruption [9].

In the patient group, ADC values significantly increased
in extension. The degree of stenosis increased and space
available for the cord decreased in extension. This “com-
pression strain” is most prominent in the mid-cervical seg-
ments and was well delineated in our cohort. Cord com-
pression in extension may provoke increased membrane
permeability and lead to increased ADC values. The rise
in ADC due to a positional change may reflect that ADC
is sensitive to minute, potentially reversible changes within
the spinal cord. As postulated recently in anecdotic cases
with reversible symptoms, increases in ADC may indicate
potentially reversible spinal cord injury [10]. The FA values
were lower in extension compared to flexion in our patient
cohort, showing that anisotropy may be affected as well.

Our values for FA and ADC in the neutral position are
within the range of recently published series [11, 12]. These
parameters remained stable in flexion and extension when
measured in healthy subjects. In the neutral neck position,
a correlation between normal DTI properties and preserved
neurological function has been shown in several studies
[13—15]. Decreased FA and increased ADC values are asso-
ciated with clinical findings of neurological impairment [13,
16, 17] and potentially worse postoperative outcomes [12].
The decrease in FA and a rise in ADC provoked by a simple
hyperextension of the neck in a conventional MRI scanner
may serve as tool in identifying spinal cord changes which
remained undetected in the neutral position in patients.

T2-Weighted Imaging

Cervical spondylotic myelopathy can be associated with
significant instability of the cervical spine. Dynamic flex-
ion-extension images may therefore reveal significant com-
pression of neural structures despite inconclusive conven-
tional imaging in the neutral position. In addition to a poten-
tially visible compression, Zhang et al. demonstrated that
flexion maneuver of the cervical spine may reveal T2-signal
changes in patients with spondylotic changes in the cervical
spine [3]. The use of such a flexion-extension paradigm in
T2-weighted imaging increased the diagnosed rate of cord
compression from 12% to 26% in neutral position. In hy-
perextension, the rate of spinal cord impingement reached
76%. An IHIS was found as a sign of myelopathy in flex-
ion in 40% and conversely in extension only in 14%. The
authors concluded that in some patients, only the flexed
cervical spine allows sufficient decompression of the spinal
cord to reveal a IHIS, and that ITHIS may be masked by com-
pression of the cord parenchyma in the neutral or extended
position.

The T2-weighted IHIS reflects cord edema or myeloma-
lacia. Therefore, we would have expected to find a signifi-
cant difference in ADC values between patients at segments
with and without IHIS. In our study however, the subgroup
analysis of ADC values in the presence of an IHIS was
inconclusive, which may be explained by two factors: first,
this feasibility study is underpowered to show correlations
in imaging parameters, especially in subgroups with low
patient numbers. Thus, potentially significant alterations in
ADC or FA may have remained undetected. Second, ADC
values may be high at some point in myelopathy (suppos-
edly early on) and lower in the later stages [10], preventing
us to detect a net difference despite the possible presence
of ADC changes in the individual patient. Not only abso-
lute values, but also appearance of fiber continuity on DTI
is associated with certain clinical parameters such as the
mJOA in cervical spondylotic myelopathy [18].

There is a long-standing debate about whether kinematic
imaging is a prerequisite for routine imaging or simply an
exceptional add-on. The most widely adopted kinematic
study, flexion-extension x-rays of the cervical spine, even
though an established technique, is still scrutinized for is-
sues such as lack of objective criteria and a limited inter-
observer reliability [19]. Kinematic computed tomography-
based myelography provides more detailed information and
is therefore used by some centers as an adjunct in surgi-
cal decision-making for complex cases. Biometric measure-
ments using kinematic computed tomography-based myel-
ography in healthy volunteers and patients yielded results
on spinal canal content similar to our findings [20]; how-
ever, its invasiveness and radiation exposure are important
limitations and is therefore reserved for pre-surgery can-
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didates under specific conditions, i.e. in the case of con-
traindications to MRI. The use of kinematic MRI in cer-
vical spondylotic myelopathy may be useful in identifying
an otherwise undetected narrow spinal canal in one out
of five cases [21]. We demonstrated that the use of kine-
matic MRI is well tolerated. It can be applied in a standard
MRI with a conventional head/neck coil without investing
in additional equipment. We believe that our data support
adding the extra effort for the potential benefit of obtaining
a diagnosis in selected patients with moderate spinal canal
narrowing on conventional MRI but otherwise severe symp-
toms. The extension position is possibly the most sensitive
tool to detect an occult spinal canal stenosis. It remains to
be elucidated whether the flexion position adds valuable in-
formation. Information on posture, the range of motion and
instability is probably still best obtained using conventional
flexion-extension x-rays.

Other Applications of DTI

The use of DTI is appealing for two reasons. First, by re-
turning quantitative instead of mere “visual” values, it might
serve as an objective tool for the detection of spinal cord
pathology in patients with cervical spondylosis. Second, it
reflects the presence of microstructural alterations with re-
spect to the spatial distribution of white matter tracts. The
finding that early myelopathic changes are more readily
detected by DTI than by the previous gold-standard of T2-
weighted imaging fueled hopes for a utility in clinical prac-
tice [1].

After spinal trauma, ADC has the highest sensitivity to
detect pathological spinal cord changes [22]. In patients
suffering from multiple sclerosis with spinal cord affection,
characteristic decreases in FA were detected which may
be related to disease subtype and progression [23]. Aside
from diagnostic applications, DTI can be a useful planning
tool: from a surgical point of view, the visualization of
fibers using tractography can guide surgeons in deciding
how a spinal cord tumor displaces white matter tracts [24].
Thus, the safest entry side or zone into the spinal cord for
tumor resection can be defined with the help of DTI.

Technical Challenges

Imaging of the spinal cord presents several challenges [25],
such as (1) spatially inhomogeneous magnetic field envi-
ronment when in an MRI system, (2) small physical di-
mensions of the cord cross-section, and (3) physiological
motion. To overcome these problems, the imaging area
was carefully shimmed and sagittal scans were acquired
[26-28]. This allowed us to take advantage of the small di-
mensions and typically low curvature of the spinal cord in
the right-left direction. Moreover, this measure kept acquisi-
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tion time low and patient comfort at its maximum; however,
when scanning the volunteers, we obtained axial DTI of the
spinal cord as well, since it reveals more detailed informa-
tion on fiber tracts [29-33]. Since the physiological motion
may bias ADC estimation [25] and create ghosting artifacts
[34], extra care was taken while analyzing the images to
avoid possible artefacts. Further, the small physical dimen-
sions of the cord may contribute to partial volume effects,
which are accentuated in the cord by the proximity of white
matter tracts to the surrounding cerebrospinal fluid (CSF)
[35]. Care was taken to analyze a slice with a clean cord ap-
pearance. Since standard DWI and DTI imaging sequences
are based on echo-planar imaging (EPI), and are sensitive
to the poor magnetic field homogeneity in the spinal cord
[36], we chose to use the RESOLVE (multishot echoplanar
diffusion weighted imaging) sequence, which offers diffu-
sion-weighted images with a higher level of detail than that
offered by current single-shot EPI scans. For tractography
studies isotropic voxels are preferred [37], as also implied
in our study (3 x3x 3 mm?). Lastly, the optimal b-value for
spinal cord imaging varies between 700-1500s/mm?2. We
chose b=750 with the advantage of a shorter echo time
(TE) and therefore an increased SNR. The recommended
number of directions for robust DTI estimation is at least
20 icosahedral directions [38], in our study we used 30
diffusion directions.

Limitations of the Study

The cervical spinal cord requires imaging with a high spa-
tial resolution to provide meaningful values. Even minimal
motion due to heart beat and breathing may induce motion
artefacts. Susceptibility artefacts within the spinal canal are
another source of reduced signal in the cervical spine [1,
39, 40]. In recent years, technical improvements have partly
resolved some of the above issues, resulting in acceptable
image quality [41]; however, a definitive pixel or voxel-
wise identification of white matter tracts within the spinal
cord is not possible in every individual case despite the
use of a 3T scanner. This difficulty may become even more
apparent when spinal cord anatomy is distorted due to com-
pression in spondylotic myelopathy.

The main limitation of the study was the fact that the pa-
tient population was not age-matched with the healthy vol-
unteer cohort. There are two reasons for this: first, imaging
of volunteers including the feasibility step was performed
first. Therefore, the mean age of the patient group was not
known until after completion of the second part of the study.
We are aware that this might be viewed as an important lim-
itation since cervical spinal stenosis is classically a disease
of the elderly. Nonetheless, the feasibility of the protocol
was demonstrated in both groups. Thus, we are confident
that this aspect of the pilot study is not altered by the age
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mismatch. The observed intramedullary signal alteration in
the stenotic segments in extension should equally be inde-
pendent of the age mismatch since we also measured the
unaffected reference segment of a patient (C2/3). Therefore,
patients served as their own controls. Finally, an internal
analysis showed no association of FA and ADC values at
the control level C2/3 with age.

Due to the small sample size, we cannot conclude that the
study findings of ADC or FA alterations correlate with any
kind of cervical spinal pathology. Since this study served as
a pilot project, it demonstrated feasibility rather than actual
correlations of imaging with clinical findings.

Conclusion

This study demonstrates that flexion-extension MRI includ-
ing DTI is feasible, and it can be performed in a conven-
tional scanner with head and neck coil in little more than
30min; however, larger studies are needed to confirm its
utility and safety in routine examination settings. The use
of MRI in extension leads to structural narrowing of the
spinal canal and exerts a stress on the spinal cord. In our
patient population, this resulted in a marked increase of
ADC values in extension. Further studies with larger sam-
ple size and a longitudinal design will be needed to address
the question whether ADC changes in extension may rep-
resent an early imaging biomarker of myelopathy.
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