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Technical Note

MR Line-scan Diffusion Imaging of the Spinal
Cord in Children

Richard L. Robertson, Stephan E. Maier, Robert V. Mulkern, Sridhar Vajapayam, Caroline D. Robson,
and Patrick D. Barnes

Summary: Diffusion imaging has been widely used in the
brain, but its application in the spinal cord has been lim-
ited. Using line-scan diffusion imaging (L SDI), a technique
that is less sensitive to magnetic susceptibility and motion
artifacts than are other diffusion techniques, we have suc-
cessfully imaged the spinal cord in children. The apparent
diffusion coefficient and relative diffusion anisotropy of the
normal spinal cord were measured. LSDI was compared
with echo-planar diffusion imaging of the spine in three
patients.

Diffusion imaging of the brain is now a well-
established technique (1-3). Diffusion imaging of
the spinal cord, however, has proved more chal-
lenging. Echo-planar diffusion imaging (EPDI) has
had limited application in the spine because of its
relatively low spatial resolution and artifacts due to
magnetic susceptibility effects. Pulsed-gradient
spin-echo diffusion imaging is sensitive to motion
and requires approximately 15 minutes to image a
single diffusion axis (4). By contrast, line-scan dif-
fusion imaging (LSDI) is a conventional spin-echo-
based technique that is relatively insensitive to
magnetic susceptibility effects and to bulk motion
and can provide imaging of six diffusion axes in
as little as 25 seconds per section (5, 6). These
properties make LSDI well suited to spinal cord
imaging in children.

Description of Technique

LSDI was performed in 12 children, ages 2 months to 18
years, and in one adult volunteer. Three children were also
evaluated with EPDI. LSDI of the cervical spine was per-
formed in six patients, of the thoracic spine in four patients,
of the lumbar spine in one patient, and of the entire spine in
one patient. The examinations were performed on either a Sig-
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na high-speed or LX echo-speed (General Electric Medical
Systems, Milwaukee, WI) 1.5-T imaging system.

LSDI Parameters

The LSDI technique has been previously described (5). Im-
ages of the patients were obtained using a quadrature head cail,
a phased-array spine coil (Genera Electric Medical Systems),
or a volume neck surface coil (Intermagnetic General Corpo-
ration, Medical Advances Inc., Milwaukee, WI). LSDI was
performed in either the sagittal or axial plane by using an ef-
fective 2014/95/1 (TR/TE/excitations) or 2014/103/1, a 20 X
15-cm field of view, a 4-mm section thickness, 128 X 96 col-
umns, and a b of 5 and 750 Ymm2, with the maximum b value
applied in three or six directions. The total imaging time using
these parameters was 43 or 86 seconds, respectively, per ana-
tomic location. The appendix provides the exact three and six
diffusion sensitization configurations used, the precise rela-
tionships between the diffusion coefficients measured along
each direction and the diffusion tensor elements, and how the
trace apparent diffusion coefficient (ADC) is obtained with ei-
ther approach. Cardiac gating, respiratory compensation, and
first-order gradient moment nulling (flow compensation) were
not used.

Field-of-view Comparison

In the thoracic spine of an adult volunteer, LSDI was per-
formed using a 30 X 15-cm field of view (2912/76/1, 128 X
64 columns, 4-mm section thickness, b maximum = 750 &
mm2, six directions, 50 s per location) and using a 30 X 7.5-
cm field of view (1456/76/1, 128 X 32 columns, 4-mm section
thickness, b maximum = 750 ymm?, six directions, 25 s per
location) (Fig 1).

EPDI Parameters

In addition to LSDI, EPDI was performed in three patients
by using a single-shot technique with parameters of 4999/108/
1, a24 X 24-cm field of view, a 5-mm section thickness, a
128 X 128 matrix, and a b of 0 and 1000 Ymm?, applied in
three orthogonal directions, x, y, and z

LSDI Postprocessing and Image Analysis

Isotropic high b factor diffusion images were generated from
the three or six diffusion directions sampled. These images
were calculated as the cubed or sixth root, respectively, of the
product of the signal intensities of the different directions ob-
tained with b = 750 mm? extrapolated to 1000 s'/mmZ. Trace
ADC maps were made using the equation presented by Stejskal
and Tanner (7), S = Se PAPC, where b is the diffusion weight-
ing factor, Sis the signal intensity of the diffusion trace for b
= maximum, and §, is the signal intensity for b = 5 mm2.

ADC measurements for the normal spinal cord and for focal
lesions were made from the trace ADC maps by using regions
of interest (ROIs) positioned over the spinal cord, taking care
to avoid inclusion of cerebrospinal fluid. When a focal spinal
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Fic 1. Comparison of LSDI images of the thoracic spine in a
healthy adult volunteer shows comparable quality.

A, Half field of view (64 columns). Sagittal LSDI isotropic high
b factor image (2912/76/1, 128 X 64 columns, 4-mm section
thickness, b = 750 s/mm? extrapolated to 1000 s/mm?, six direc-
tions) using a 30 X 15-cm field of view and an imaging time of
50 s per location.

B, Quarter field of view (32 columns). Sagittal LSDI isotropic
high b factor image (1456/76/1, 128 X 32 columns, 4-mm section
thickness, b = 750 s/mm? extrapolated to 1000 s/mm?, six direc-
tions) using a 30 X 7.5-cm field of view and an imaging time of
25 s per location.

cord lesion was present, measurements were made from an
ROI within the lesion as well as from an ROI of the **normal”
spinal cord (no obvious abnormality on either the conventional
MR sequences or the diffusion images).

In addition to calculating the trace ADC, a measure of rel-
ative anisotropy (RA), defined as the ratio of the maximum to
minimum ADC obtained from separate ADC measurements
made along the three to six directions of the diffusion-sensi-
tizing gradients, was generated. In the patients in whom focal
abnormalities were shown, the RA of the lesion was also
determined.

In the three patients in whom both LSDI and EPDI were
performed and in the volunteer in whom a 0.5 field of view
was compared with a 0.25 field of view, signal-to-noise ratios
(SNRs) for the spinal cord were obtained from an ROI posi-
tioned over the spinal cord on the average high b factor dif-
fusion image and an ROI positioned outside of the anatomic
image in both the frequency-encode and phase-encode direc-
tions. Because of differences in the techniques, the same pa-
rameters were not used for the LSDI and EPDI sequences.
Rather, both the LSDI and EPDI acquisitions were obtained
using parameters routinely used clinically for diffusion imag-
ing of the brain. The SNR comparisons were not adjusted for
field of view, acquisition time, matrix, section thickness, or b
value used. The field of view and section thickness used for
the two sequences would tend to favor EPDI SNR over LSDI
SNR, whereas the acquisition time and maximum b value used
would favor the SNR measurements for LSDI. The image ma-
trix was effectively the same for both LSDI and EPDI. The
diffusion images and trace ADC maps were qualitatively as-
sessed by two neuroradiologists for motion artifacts and mag-
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netic susceptibility effects (rated as absent, minimal, or
marked).

Results

Only one of the LSDI examinations was consid-
ered nondiagnostic because of patient motion. The
remaining studies were considered to be of good
quality with minimal or absent motion and mag-
netic susceptibility artifacts. In the three patients
for whom both LSDI and EPDI were performed,
the mean SNR of LSDI/EPDI was 2.3 (range, 2.0—
3.2). In each of these three patients, the EPDI had
either marked geometric distortion or artifacts due
to magnetic susceptibility effects (Fig 2).

Results of both the conventional MR imaging
and LSDI were normal for eight patients and ab-
normal for three. ADC and RA measurements for
the 10 patients with diagnostic quality images that
included normal spinal cord are listed in the Table.
The mean trace ADC of the normal spinal cord was
0.96 + 0.05 um?s SD (range, 0.91-1.06 um?/s).
The mean RA ratio for the normal spinal cord was
1.70 = 0.42 SD (range, 1.33-2.5). In the patient
with suspected radiation effect, the ADC within the
lesion was 0.67 um?/s (29% less than that of the
uninvolved spinal cord) and the RA within the le-
sion was reduced by 8%. In the patient with cer-
vicomedullary astrocytoma, the ADC within the tu-
mor was 1.43 um?/s (35% greater than that of the
adjacent uninvolved spinal cord) and the RA within
the lesion was reduced by 19%. In the patient with
the epidermoid cyst, the cyst had an ADC of 0.54
without appreciable anisotropy. In the adult vol-
unteer for whom LSDI was performed using a 0.5
field of view and a 0.25 field of view, the difference
in SNR between the two acquisitions was less than
5% (Fig 1).

Discussion

These preliminary results indicate that LSDI of
the spine is feasible and provides robust diffusion
imaging of the pediatric spinal cord without the
need for specialized hardware, cardiac gating, or
respiratory compensation. Diagnostic quality im-
ages of all parts of the spinal cord were obtained
using the three coils tested. In all except one of our
patients, there were no significant motion artifacts.
Importantly, images of the thoracic spine were not
significantly degraded by cardiac pulsation or re-
spiratory motion. Magnetic susceptibility artifacts
were minimal. In the three patients in whom EPDI
was performed for comparison, LSDI had a greater
SNR and qudlitatively fewer artifacts than did
EPDI.

Our observation of diffusion anisotropy within
the normal spinal cord of children concurs with in
vitro and in vivo animal experiments in the rat, pig,
cat, and mouse and is similar to the results presented
by Clark et a (4), who reported in vivo spinal cord
diffusion imaging in humans achieved using a nav-



1346 ROBERTSON AJINR: 21, August 2000

Fic 2. Case of a 16-year-old male patient with medulloblastoma treated with craniospinal radiation with presumed radiation effect at
the site of overlap of the cranial and spinal radiation fields in the upper cervical spinal cord. Based on the intramedullary location of the
lesion, metastatic medulloblastoma was considered unlikely. On follow-up images several months later (not shown) the lesion resolved.
No anti-cancer therapy was undertaken during that time, and radiation effect was therefore considered to have been the most likely
cause of the lesion.

A, Sagittal contrast-enhanced T1-weighted image (600/20/2) of the cervical spine shows intramedullary enhancement (arrow).

B, Sagittal LSDI isotropic high b factor diffusion image (2014/95/1, 4-mm section thickness, b = 750 s/mm? extrapolated to 1000 s/
mm?, six directions) shows increased signal within the lesion (arrow).

C, Sagittal LSDI trace ADC map shows low intensity within the lesion confirming decreased diffusion (arrow).

D, Sagittal EPDI isotropic high b factor diffusion image (4999/108/1, 5-mm section thickness, b =1000 s/mm?, three directions) shows
artifactual high signal intensity in multiple locations in the cervical spinal cord.

E, Sagittal EPDI trace ADC map is degraded by artifact and does not show the lesion seen on both the conventional MR and the

LSDI sequences.

igated spin-echo technique, pulsed-gradient spin-
echo diffusion imaging (2, 8-15). Diffusion anisot-
ropy within the spinal cord is presumed to be largely
due to the directionality of the white matter fiber
tracts. Based on high-field in vitro experiments, an-
isotropic diffusion has also been shown in spind
cord gray matter, athough the observed anisotropy
is less than that of white matter (8, 10, 11). It is
important to recognize that, in this study, our re-
ported values of RA are only qualitative because the
determination of RA depends on the diffusion gra-
dient directions sampled with respect to the axis of
the spine. In vivo, the spinal cord is a curved struc-
ture and therefore is not consistently aligned with
the gradient axes. Thus, full diffusion tensor studies

and analyses are required before quantitative state-
ments regarding rotationally invariant anisotropic
quantities can be made. This subject is beyond the
scope of the present study in which the primary rea-
son for sampling multiple diffusion gradient direc-
tions was to obtain rotationally invariant trace ADC
maps. Also, because the ROl measurements made
in our study included both gray matter and white
matter, the obtained values reflect a combination of
the RA of these tissues. The inconsistency of align-
ment between the spinal cord and the diffusion gra-
dient axes combined with the partial volume aver-
aging of gray and white matter in the ROI
measurements made in this study likely contributed
to the wide range of diffusion anisotropy measure-
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ADC measurements (um?/s) and RA measurements of the normal spinal cord in 10 patients

Directions
Case # Age Measured Location Trace ADC RA
1 18y 6 T 0.96 2
2 ly 6 T 0.91 141
3 16y 6 C 0.95 1.39
4 15y 6 C 1.06 1.48
5 11y 3 T 0.96 1.36
6 2y 3 C 0.91 1.58
7 3y 3 C 0.92 1.33
8 14y 3 C 0.91 23
9 2y 3 C 0.98 25
10 2 mo 3 CITIL 1.00 1.62
Mean + SD 0.96 = 0.05 1.70 = 0.42

Note.—y-year; mo—month; SD—standard deviation; C—cervical spine; T—thoracic spine; L—lumbar spine.

ments obtained. The routine use of full diffusion
tensor imaging and higher spatial resolution imaging
would likely produce more reliable measures of dif-
fusion anisotropy of the spina cord.

Because LSDI can be performed more rapidly
than can other currently available spin-echo tech-
niques, such as pulsed-gradient spin-echo diffusion
imaging, the diffusion characteristics of both nor-
mal and pathologic processes may be characterized
using multiple diffusion gradient directions or mul-
tiple gradient b factors (4, 5). For most clinical ap-
plications, measurements of the diffusion tensor
trace are likely to be more informative than the
evaluation of the individual directional images or
anisotropy measurements. Because the tensor trace
is rotationally invariant, the calculation of the trace
images does not depend on the orientation of the
gradient axes with respect to the spinal cord.

The in-plane spatia resolution of 1.54 mm used
in this study seemed to be diagnostically adequate
for most patients; however, higher spatial resolution
may be desirable in certain applications and is pos-
sible with LSDI, but at a cost of longer acquisition
times. As shown in an adult volunteer, the sampling
of fewer columns of data can decrease the scan
time without a significant loss in the diagnostic
quality of the image of the spinal cord, athough
less surrounding anatomy is displayed (Fig 1).

Although in the cases presented, LSDI did not
ater the diagnostic considerations or therapy, the
purpose of this study was to show the feasibility of
the technique. Based on experience with diffusion
imaging of the brain, diffusion imaging of the spi-
nal cord will likely have important applications, es-
pecialy in distinguishing acute ischemic lesions
from nonischemic disorders (16, 17). The potential
pediatric applications of in vivo diffusion imaging
include the evaluation of normal spinal cord mat-
uration (18) and the detection or assessment of a
variety of pathologic entities such as myelin loss,
ischemia, trauma, tumors, and inflammatory
processes.
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Appendix

For the patients in whom three directions were sampled, the
diffusion gradient vector configurations sampled were (1, —1,
—-1/2), (1, 1/2, 1), and (1/2, 1, —1). The use of al three gra-
dients simultaneously rather than the use of single gradient
configurations along the principal axes, (1, 0, 0), (0, 1, 0), and
(0, O, 1), alows for a reduction in the echo time for a given
b factor, reducing signal loss due to T2 decay and improving
SNR. The effective diffusion coefficients along each of the
three directions is, however, somewhat more complicated in
terms of the diffusion tensor elements than single principal axis
sampling. Denoting as D; i the diffusion coefficient measured
along the direction (i,j,k), the effective diffusion coefficients
along each axis read as follows.

Dl,—l,—]JZ = Dy + Dyy + Dzz/4 — Dyz

+ Dy, — 2Dy, (1A)
D121 = Dxx + Dy, + Dyyl4 + Dy
+ Dy, + 2Dy, (1B)

Dyj21,-1 = Dyy + Dy + Dy/4 + Dy

— Dy, — 2Dy, 1o

Dyx, Dyy, and D,, are the diagonal elements of the diffusion
tensor, which are equal to each other for isotropic diffusion.
Dyy, Dy, and Dy, are the off-diagona elements that vanish in
the case of isotropic diffusion. Summing equations [1A]
through [1C] cancels off-diagonal terms and leaves a quantity
equa to nine fourths of the trace, or the sum of the diagonal
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elements. ADCs are defined as one third of the trace, or the
average of the diagonal elements.

For isotropic diffusion in which the diagonal elements of
the diffusion tensor are equal and the off-diagonal elements
vanish, ratios of any two of the diffusion coefficients defined
in equations [1A] through [1C] will yield unity. The departure
of such ratios from unity offers one measure of diffusion an-
isotropy, although others can be used. Thus, a measure of RA
may be defined as the ratio of the maximum to minimum ADC
obtained from the three separate ADC measurements made
along the directions characterized by equations [1A] through
[1C].

For the patients in whom six directions were sampled, a
more complete characterization of the diffusion tensor ele-
ments and anisotropic properties is available. The six gradient
configurations sampled are given by the directional vectors (1,
1,0), (-1,1,0), (1,0, 1), (-1,0, 1), (0, 1, 1), and (0, —1,
1). The use of only two gradient axes per configuration re-
quires lengthening the TE to accommodate the same diffusion
weighting as for the diffusion sensitization configuration dis-
cussed in the previous paragraphs. Denoting as Dy the dif-
fusion coefficient measured along the direction (i,j,k), the trace
of the diffusion tensor is given by the following.

Trace = Dy + Dyy + Dy,
= (D110 + Dyo1 + Do1z + D_110
+ D_101 + Do_11)/4 (2A)

The individual diagonal and off-diagonal elements may be cal-
culated with the following relations.

D,, = Trace — (D_330 + Dj30)/2 (2B)
Dyy = Trace — (Djo1 + D_101)/2 (2C)
Dyx = Trace — (Dg_11 + Dg11)/2 (2D)
ny = (D110 — D_110)/4 (2E)
Dxz = (D101 — D 101)/4 (2F)
Dyz = (Do11 — Do_11)/4 (2G)



