ic Co | m

Our portfolio is growing to serve you better. Now you have a choice. VIEW CATALOG

Diffusion-weighted MR Imaging of the

Normal Human Spinal Cord in Vivo
Chad A. Holder, Raja Muthupillai, Srinivasan Mukundan Jr,
James D. Eastwood and Patricia A. Hudgins

AINR Am J Neuroradiol 2000, 21 (10) 1799-1806

This information is current as http://www.ajnr.org/content/21/10/1799

of May 6, 2025.


http://www.ajnr.org/cgi/adclick/?ad=57948&adclick=true&url=https%3A%2F%2Fmrkt.us-marketing.fresenius-kabi.com%2Fajn_pdf_1872x240_may25
http://www.ajnr.org/content/21/10/1799

AINR Am J Neuroradiol 21:1799-1806, November/December 2000

Diffusion-weighted MR Imaging of the Normal Human

Spinal Cord in Vivo

Chad A. Holder, Raja Muthupillai, Srinivasan Mukundan, Jr, James D. Eastwood, and Patricia A. Hudgins

BACKGROUND AND PURPOSE: Diffusion-weighted imaging is a robust technique for eval-
uation of a variety of neurologic diseases affecting the brain, and might also have applications
in the spinal cord. The purpose of this study was to determine the feasibility of obtaining in
vivo diffusion-weighted images of the human spinal cord, to calculate normal apparent diffu-
sion coefficient (ADC) values, and to assess cord anisotropy.

METHODS: Fifteen healthy volunteers were imaged using a multi-shot, navigator-corrected,
spin-echo, echo-planar pulse sequence. Axial images of the cervical spinal cord were obtained
with diffusion gradients applied along three orthogonal axes (6 b values each), and ADC values
were calculated for white and gray matter.

RESULTS: With the diffusion gradients perpendicular to the orientation of the white matter
tracts, spinal cord white matter was hyperintense to central gray matter at all b values. This
was also the case at low b values with the diffusion gradients parallel to the white matter tracts;
however, at higher b values, the relative signal intensity of gray and white matter reversed.
With the diffusion gradients perpendicular to spinal cord, mean ADC values ranged from 0.40
to 0.57 x 10-3 mm?/s for white and gray matter. With the diffusion gradients parallel to the
white matter tracts, calculated ADC values were significantly higher. There was a statistically
significant difference between the ADCs of white versus gray matter with all three gradient

directions. Strong diffusional anisotropy was observed in spinal cord white matter.
CONCLUSION: Small field-of-view diffusion-weighted images of the human spinal cord can
be acquired in vivo with reasonable scan times. Diffusion within spinal cord white matter is

highly anisotropic.

MR diffusion-weighted imaging has proven to be
a robust technique for the evaluation of a variety
of neurologic diseases, both as a research tool and
in clinical practice, although its use has been large-
ly limited to the brain (1-14). Early on, it was rec-
ognized that water mobility within the brain was
not uniform in all directions, a phenomenon known
as diffusional anisotropy, and that this could affect
the signal intensity of normal tissues on diffusion-
weighted images and, therefore, the interpretation
of the images. Diffusional anisotropy within cere-
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bral white matter tracts has been demonstrated
qualitatively and measured quantitatively, and cal-
culated apparent diffusion coefficient (ADC) values
for normal human cerebral gray and white matter
have been published (8, 9, 15, 16).

As with diffusion imaging of the brain, knowl-
edge and understanding of the appearance of the
normal spinal cord on diffusion-weighted images
will be important for the interpretation of images
of the abnormal cord in a clinical setting. An un-
derstanding of the diffusion characteristics of the
normal spinal cord will also be useful in designing
pulse sequences and imaging protocols to identify
areas of abnormal diffusion optimally. Unlike dif-
fusion imaging of the brain, however, experience
with diffusion imaging of the spinal cord is much
more limited. In 1991, Hajnal et a (9) noted an-
isotropic diffusion qualitatively in normal human
spinal cord. Since that time, however, there have
been few published reports of in vivo diffusion im-
aging of the human spinal cord (17). We sought to
implement and optimize an echo planar—based dif-
fusion-weighted MR pulse sequence that would al-
low in vivo spinal cord imaging with practical scan
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Fic 1. Navigator-corrected, multi-shot, spin-echo echo-planar
pulse sequence with diffusion-sensitizing gradients of amplitude
(G), duration (8), and separation (A). The diffusion gradients can
be applied along any imaging direction. The navigator echo (the
first spin-echo of this dual echo sequence) is not spatially en-
coded, and is used for phase correction of the second echo.

times. Additional goals were to determine the ap-
pearance of the normal human spinal cord on dif-
fusion-weighted images, to measure normal ADC
values, and to assess for diffusional anisotropy.

M ethods

Sudy Population

The study population consisted of 15 neurologically healthy
volunteers (age range, 23-34 years, 12 men, 3 women) who
were recruited within the guidelines of our Institutional Review
Board and Human Investigations Committee. All subjects un-
derwent screening MR imaging of the cervical spine, consist-
ing of sagittal T1-weighted spin-echo (500/18/2 [TR/TE/exci-
tations]) and T2-weighted turbo spin-echo (2800/120/1)
images. Screening MR imaging was performed on the same
day as diffusion imaging in order to exclude unsuspected sig-
nal abnormality within the spina cord.

Image Acquisition

All imaging was performed on a commercia 1.5-T MR
scanner (ACS-NT; Philips Medical Systems,; Best, The Neth-
erlands) equipped with echo-planar gradients (23-mT/m max-
imum gradient strength, 200-us rise time) and standard
phased-array spine surface coil as the receiver coil. Diffusion-
weighted imaging was performed using a multi-shot, spin-echo
echo-planar pulse sequence with the following parameters: TR
= 2 X R-R interval (approximately 2000 ms, depending on
heart rate); total TE = 106 ms (diffusion TE = 85 ms, navi-
gator TE = 21 ms); excitations = 4; field of view = 10 X 10
cm; acquisition matrix = 64 X 64 (reconstructed 128 X 128);
echo-planar imaging factor = 15; dlice thickness = 6 mm.
Peripheral pulse unit (PPU) triggering, navigator-echo motion
correction (18-22), and segmented signal averaging (serial mo-
tion atifact reduction technique [SMART]) were used to min-
imize the effects of motion. Fat suppression and fold-over sup-
pression were also used. The acquisition time ranged from 184
to 216 s per diffusion direction, depending upon heart rate.
The simplified pulse sequence diagram is shown in Figure 1.

Axial diffusion-weighted images of the cervical spinal cord
were obtained at seven slice levels, centered at the C4-C5 in-
tervertebral disk space. Diffusion-sensitizing gradients were
applied along each of three orthogonal axes by use of six ‘‘b”
values (0, 40, 160, 360, 640, 1000 ymm?). The PPU triggering
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TABLE 1. ADC values of white versus gray matter in the axial
imaging plane

R-L A-P Cc-C
(x 103 mm?/s)  (x 103 mm?3/s)  (x 10-3 mm?/s)
WM 0.44 = 0.19 0.40 = 0.32 2.26 = 0.88
GM 0.55 = 0.18 0.57 = 0.33 1.98 = 0.86

enabled the acquisition of data for a given dslice at the same
cardiac phase over the duration of the scan. Hence, different
slices were obtained at different trigger delays. Specific trigger
delays were as follows: slices 1 and 2 at 117 ms; slices 3 and
4 at 338 ms; slices 5 and 6 at 559 ms; and slice 7 at 781 ms.

Initial validation of the diffusion-weighted sequence was
performed by measuring the ADC values of a 1-L water/copper
sulfate phantom at ambient temperature (approximately 22°C).

Image Analysis

ADC values were calculated from signal intensity measure-
ments obtained from the axial diffusion-weighted images by
use of four regions of interest (ROIs) placed in the right lateral
white matter, left lateral white matter, right gray matter, and
left gray matter, in a manner similar to that described by Pat-
tany et a (23). For each volunteer, ROIs were carefully drawn
on two of the seven slices on the MR console by an experi-
enced neuroradiologist (CAH). The third and fifth slices were
used for the ROl measurements, unless one of the slices was
deemed unacceptable for ROl measurements due to gross mo-
tion artifact, in which case an alternative slice was chosen (ei-
ther the second, fourth, or sixth slice), so as to exclude spu-
rious data corrupted by noise. This resulted in a total of 2160
individual ROI measurements (15 volunteers, two slices/vol-
unteer, six b values, three directions/slice, and four ROIs/im-
age). It was not possible to perform ROl measurements on all
slices owing to the sheer number of measurements that would
have been required. When performing the ROl measurements,
small ROIs were intentionally drawn in an attempt to reduce
the likelihood of partial volume averaging between gray and
white matter and between white matter and CSE The size of
the axial ROIs ranged from nine to 11 pixels. The placement
of the ROIs was based upon both the b = 0 (T2-weighted
echo-planar) images and the diffusion-weighted images, as
well as the knowledge of the cross-sectional anatomy of the
normal human cervical spinal cord.

ADC values were calculated from the ROI signal intensity
measurements, based upon the relationship: S = S, ePP, where
D = ADC. In order to obtain more accurate ADC measure-
ments, the ADC vaues were calculated by using six different
b values. A least squares curve fitting algorithm was used to
calculate the ADCs from the exponential signal intensity decay
curve.

Satistics
The statistical significance of the computed mean ADC val-
ues of gray versus white matter was assessed using a paired,
double-tailed Student’s t test (P < .05 was considered statis-
ticaly significant).

Results

Using the mean ADC values for the three dif-
fusion directions, anisotropy indices were calculat-
ed for spinal cord white matter and gray matter,
respectively, as described by Douek et a (24). The
anisotropy index is a ratio that reflects the magni-
tude of the difference between ADC values in one
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direction compared with another. A tissue or sub-
stance with isotropic diffusion, such as free water,
will have an anisotropy index of 1.0. Comparing
the measured ADC values with the diffusion-sen-
sitizing gradients in the C-C direction to the aver-
age of the ADCs with the diffusion gradientsin the
axial plane (A-P and R-L), the anisotropy index of
spinal cord white matter was found to be 5.38, and
the anisotropy index of central gray matter was
3.53.

Discussion

MR diffusion-weighted imaging has been used
to study a variety of diseases affecting the central
nervous system, both as a research tool and in clin-
ical practice, and has been widely adopted for the
evaluation of cerebral ischemia. In the brain, water
mobility of atered tissue, reflecting underlying
structural changes on a microscopic level, has been
demonstrated in cerebral infarction (1-3), multiple
sclerosis (4-5), traumatic brain injury (6), neo-
plasms (7-9), abscesses (10), encephalitis (11), and
reversible posterior leukoencephalopathy syn-
dromes, such as eclampsia (12), hypertensive en-
cephalopathy (13), and immunosuppressant neuro-
toxicity (14).

Diffusion imaging might also be useful for eval-
uating analogous conditions in the spinal cord.
Clinical and research experience with diffusion-
weighted imaging of the spinal cord, however, is
much more limited. This is primarily because of
technical difficulties in obtaining in vivo diffusion
images in this location. Much of the accrued ex-
perience to date has been in animal spinal cords,
both excised and in vivo, using dedicated small-
bore animal magnets and/or customized receiver
coils. The diffusion imaging appearance and ADC
values have been reported for excised normal ani-
mal spinal cords (23, 25-27), in a spinal cord in-
jury model (28), and in a rat model of syringo-
myelia (29). In vivo diffusion anisotropy has aso
been described qualitatively in cats (30) and rats
(31, 32). In 1991, Hajnal and coworkers (9) pub-
lished the first in vivo DW images of the human
cervical spinal cord. Other investigators have re-
ported their preliminary experience using a steady-
state free precession technique (33, 34), although,
to our knowledge, these results have not yet been
published. More recently, a navigated pulsed-gra-
dient spin-echo method was used to study four vol-
unteers, in which images of the cervical spinal cord
were obtained with diffusion sensitization in the
anteroposterior and superoinferior directions, as
well as ADC maps (17). Unfortunately, theimaging
time of approximately 30 minutes (15 minutes per
diffusion-sensitization direction) to obtain four sag-
ittal slices, as well as the off-line processing re-
quired to correct for motion artifacts, makes this
technique impractical for routine clinical use.

The main technical obstacles in obtaining diffu-
sion-weighted images of the human spinal cord in
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vivo are twofold: the small size of the spinal cord
and physiological motion. The navigator-guided,
multi-shot echo-planar technique made it possible
to obtain submillimeter (effective) in-plane reso-
lution diffusion images of the human spinal cord
in vivo in this study. When compared with single-
shot techniques (that typically use echo-planar fac-
tors of 63 or greater), the shorter readout duration
in the multi-shot technique permits a shorter TE.
This improves signal-to-noise ratio (SNR) and is
less sensitive to off-resonance effects, such asthose
caused by field inhomogeneity and chemical shift,
resulting in improved image quality (35). The
trade-off for using a multi-shot echo-planar tech-
nique is that the acquisition time increases, making
this technique vulnerable to patient motion. In the
present study, to offset this concern, a navigator
echo-based phase-correction method was imple-
mented. This correction addresses the effect of lin-
ear motion that may occur between excitations (18—
22). In addition, the main advantage of the
navigator-based multi-shot technique for diffusion
imaging is that it makes it possible to extend the
duration of the acquisition. This flexibility permits
the acquisition of images with higher spatial reso-
lution (smaller voxels) by making it possible to ob-
tain multiple signal averages (excitations) to im-
prove SNR and compensate for the decreased SNR
associated with smaller voxels, as was done in this
study. PPU triggering was used to trigger the ac-
quisitions to minimize the effects of cardiosyn-
chronous motion in both CSF flow and the spinal
cord, which is particularly problematic in spinal
imaging.

Anatomic coverage is another clinically relevant
issue. Although axial slices were useful to compute
the ADC values, the time required to cover the en-
tire cervical spinal cord with axial slices at this
resolution would be prohibitively high. Therefore,
we have also obtained sagittal sections to ensure
adequate coverage in the shortest possible time.
Our initial experimental results are shown in Figure
3. Our preliminary experiments (n = 5) show that
the ADC values computed with sagittal orientation
were consistent with ADC measurements obtained
from the axial orientation. However, it was not pos-
sible to distinguish gray and white matter in this
orientation.

The results of this study confirm the presence of
strong diffusional anisotropy in human spinal cord
white matter. The longitudinal ADC values that
were obtained for cord white matter are higher than
published values for cerebral white matter. This is
likely because, in the brain, unlike the spinal cord,
any ROI is more likely to contain varying numbers
of axons at oblique orientations with respect to the
applied diffusion gradients. This would result in a
lower measured ADC for a given diffusion
direction.

The longitudinal ADC values we obtained in hu-
man spinal cord white matter are also higher than
some previously published values for animal spinal
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b=160

Fic 2. Axial diffusion-weighted images (2 R-R/106/4 [TR/TE/excitations]) showing the appearance of the cervical spinal cord with the
diffusion-probing gradients in the three cardinal axes, with increasing b values from left to right. R-L, A-P, and C-C indicate the direction
of the diffusion gradients. The R-L and A-P directions are perpendicular to the white matter tracts. The C-C direction is parallel to —

cord white matter (23, 28, 29). This may be due to
the fact that our measurements were made in vivo,
whereas the animal studies were performed on ex-
cised spinal cords, either fresh or fixed. In addition
to being imaged at a lower temperature, which
would lower the measured ADC values, the excised
spinal cords would lack both microscopic (capil-
lary) blood flow, which is believed to contribute to
the ADC (7, 16), and axoplasmic flow, which has
also been proposed to contribute to the diffusional
anisotropy observed within axons (32). It is con-
ceivable that changes in the viscoelastic properties
of ex vivo and in vivo samples can affect diffusion
measurements. Also, ex vivo spina cords would
amost certainly have ischemic changes, as have
been well described in ischemic brain, resulting in
restricted diffusion. All of these factors could the-
oretically result in a lower ADC value for ex vivo
tissue relative to in vivo tissue, and explain the
higher ADC vaues we calculated. Trudeau et a

(25), on the other hand, have reported similar an-
isotropy indices for the white matter in a freshly
excised pig spinal cord model. Nakada and co-
workers (31) have stated that diffusion within ax-
ons is virtually unrestricted in the longitudinal di-
rection, which also supports our findings.

Given the highly ordered arrangement of axons
in the spinal cord white matter tracts, it is not sur-
prising that a statistically significant difference in
ADCs between white matter and central gray mat-
ter was found, both in the axial and longitudina
diffusion directions. An unexpected finding was ev-
idence of diffusional anisotropy within the central
gray matter. Other investigators have reported an-
isotropy in excised animal spinal cord gray matter
(23, 26, 28, 29, 36). There are at least three pos-
sible explanations for this observation. First, the
relatively high ADC values measured in centra
gray matter with the diffusion-sensitizing gradients
in the C-C direction may have been artifactually
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b =360

b = 640
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b =1000

(cont'd) the white matter tracts. Note the relatively greater signal attenuation with the diffusion gradients in the C-C direction, reflecting
the underlying tissue anisotropy. Note also the reversal of the relative signal intensity of gray and white matter at the higher b values
(640, 1000) in the C-C direction, due to the higher ADC of white matter along this axis.

elevated owing to partial volume averaging with
adjacent white matter tracts. Although we cannot
entirely exclude this possibility, it is less likely, be-
cause any effects of partial volume averaging
would be expected to occur in all three directions.
However, the measured ADC values for gray and
white matter with the diffusion gradients in the A-P
and R-L directions were within the expected range
and relative magnitude, based on animal studies.
Second, if there were cardiosynchronous pulsatile
motion of the spinal cord in the longitudinal (C-C)
direction, this could artificially elevate the mea-
sured ADCs of both the gray and white matter.
However, our analysis of glices acquired at differ-
ent cardiac phases did not indicate any changes in
ADC associated with cardiac cycle. Nor did we ob-
serve a proportional elevation of the longitudinal
ADC of the white matter beyond an expected
range. In addition, any cardiosynchronous motion

would not necessarily occur in only one dimension,
yet the measured ADC values in the axia plane
were not similarly elevated. Also, the use of PPU
triggering would tend to minimize any effects of
periodic motion related to the cardiac cycle. The
third possibility is that the monoexponentia signal
decay assumed in our studies does not adequately
describe the diffusion occurring in the spinal cord
tissue. It is known that conventional diffusion im-
aging experiments in the human brain (with b ~
1000 Ymm?2) measure the average rate of diffusion
without distinguishing the diffusion occurring in
the extracellular (fast regime) and intracellular
(slow regime) spaces. Recently, Bossart et al (36,
37), using very high magnetic field (14 T) strengths
and large b values (b = 10,000 syfmm?), character-
ized the fast and slow diffusion regimes in excised
rat spinal cord specimens. Their results show that,
in the slow diffusion regime, the gray matter dif-
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fusion is less restricted along the length of the cord
than the white matter, while the converse is true in
the fast diffusion regime. Although our experi-
ments were not designed to resolve the fast and the
slow diffusion regimes, these results confirm that
diffusional anisotropy can exist in the gray matter.
In light of these considerations, we believe that our
observations are accurate, consistent with prior an-
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b =160 b =360

imal studies, and these findings indicate the pres-
ence of diffusional anisotropy within human spinal
cord gray matter as well as white matter. Clearly,
the spatial resolution that we were able to obtain
in the axial plane is a limitation of our study. Ex-
periments with much higher spatial resolution and
diffusion weighting are needed to understand the
source of this observed apparent diffusional an-
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isotropy in gray matter in human spinal cord in
vivo further.

Conclusion
Small field-of-view diffusion-weighted images
of the human spinal cord can be acquired in vivo

on currently available MR imaging systems with
reasonable scan times. The calculated longitudinal
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Fic 3. Sagittal diffusion-weighted images (2 R-R/106/4) showing
the appearance of the cervical spinal cord with the diffusion-probing
gradients in the three cardinal axes, with increasing b values from
left to right. The R-L and A-P directions are perpendicular to the
white matter tracts. The C-C direction is parallel to the white matter
tracts. Again, there is relatively greater signal attenuation with the
diffusion gradients in the C-C direction. Note the sensitivity of the
diffusion-weighted sequence to pulsation at the highest b value in
the A-P diffusion direction, resulting in artifact in the phase-encoding
direction.

ADC values observed were higher than previously
published values for ex vivo animal spina cord.
Water mobility within the white matter of the hu-
man cervical spinal cord was found to be highly
anisotropic. Evidence for in vivo diffusional an-
isotropy within human spinal cord gray matter, as
suggested in animal studies, was also found, but
was much lower than in white matter. This will
require additional studies for confirmation and fur-
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ther characterization. This technique provides
unique tissue contrast and, if technical difficulties
can be overcome, may prove useful for evaluation

of

a variety of pathologic conditions of the spinal

cord.
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