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Diffusion-Weighted MR Imaging in a Rat Model of
Syringomyelia after Excitotoxic Spinal Cord Injury

Eric D. Schwartz, Robert P. Yezierski, Pradip M. Pattany, Robert M. Quencer, and Raymond G. Weaver

BACKGROUND AND PURPOSE: Recent experimental data have shown that an increase of
excitatory amino acids and the initiation of inflammatory responses within the injured spinal
cord may play a role in post-traumatic syringomyelia. The purpose of this study was to deter-
mine whether diffusion-weighted MR imaging with apparent diffusion coefficient (ADC) maps
could provide earlier evidence of spinal cord cavitation in a rat model of syringomyelia than
available with conventional MR imaging.

METHODS: The spinal cord gray matter of four rats was injected with the a-amino-3 hy-
droxy-5 methyl-4 isoxazole propionic acid/metabotropic receptor agonist quisqualic acid. Ani-
mals were sacrificed at 1, 4, or 8 weeks after injection, and the spinal cords were fixed in
formalin for 1 week and imaged with T1-, T2-, and diffusion-weighted sequences. One control
specimen was also imaged. ADC maps were constructed from the diffusion-weighted data.
Histopathologic analyses of sections stained with cresyl violet were compared with the MR
images.

RESULTS: By 1 week after injection, ADC maps at the level of injection showed areas within
the gray matter of increased intensity and increased ADC values as compared with the control
specimen. These bright areas corresponded to cysts or cavities within the cord parenchyma on
the histopathologic sections. The ADC values within affected gray matter areas progressively
increased at 4 and 8 weeks, also corresponding to cyst formation. Conventional T1- and T2-
weighted images showed corresponding lesions with cystic characteristics at 4 and 8 weeks, but
not at 1 week.

CONCLUSION: In an animal model of syringomyelia, diffusion-weighted imaging with ADC
maps detected cystic lesions within spinal cord gray matter before they were seen on conven-
tional T1- and T2-weighted images.

Post-traumatic syringomyelia affects up to 3% of pa-
tients with spinal cord injury and up to 8% of patients
suffering from complete quadriplegia (1–4). Devel-
opment of a symptomatic syrinx after injury takes
from 2 months to 30 years (5, 6), with the most com-
mon initial complaint being pain (2, 5). Other symp-
toms and complications include sensory loss, motor
weakness, increased or decreased spasticity, auto-
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nomic dysreflexia, hyperhidrosis (above the level of
injury), sphincter loss or sexual dysfunction, Horner’s
syndrome, respiratory insufficiency, and death (1, 2).
Currently, the most sensitive noninvasive imaging
test for diagnosing posttraumatic syringomyelia and
defining the morphology of a spinal cord cyst is con-
ventional MR imaging (2, 5–9).

The pathogenesis of post-traumatic syringomy-
elia is not completely understood (1–4, 6, 7, 9–11).
It has been shown in previous studies using exper-
imental models of traumatic and ischemic spinal
cord injury that, following injury, there is a signif-
icant increase in extracellular levels of excitatory
amino acids, especially glutamate (12–16). The role
of different glutamate receptor subtypes, including
N-methyl-D-aspartate and a-amino-3 hydroxy-5
methyl-4 isoxazole propionic acid (AMPA) recep-
tors, in the tissue-damaging effects of injury have
been confirmed by the neuroprotective effects of
specific receptor antagonists (17–20). In an effort
to simulate the injury-induced changes in glutamate
concentration and to evaluate the pathophysiologic
consequences of this change, the technique of in-
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traspinal microinjection was used to deliver ago-
nists of specific glutamate receptor subtypes into
the spinal gray matter (19, 21). In the present study,
quisqualic acid (QUIS), an agonist of the AMPA/
metabotropic receptor subtype, was used. QUIS
was shown in a previous study to produce a dose-
and time-dependent loss of neurons that led to the
formation of cavities within the cord parenchyma
(21). Similar injections with normal saline showed
no cell loss or cyst formation. In addition to the
excitotoxic effects of QUIS, other pathologic char-
acteristics of this model include demyelination, as-
trocytic responses as measured by increased stain-
ing for glial fibrillary acidic factor, and a prominent
inflammatory response (21–23). Thus, the excito-
toxic (ie, QUIS) model of spinal cord injury shares
many of the same characteristics as described in
other models of traumatic and ischemic injury and,
more important, as found after spinal cord injury
in humans (24, 25).

Previous studies of spinal cord injury in rats both
in vivo and in situ have shown that high-resolution
MR imaging may be useful in helping to predict
qualitatively and quantitatively the extent of an
acute injury (26–29). Some of these investigations
have shown qualitative changes in MR signal that
correlated with histologic findings (26); others have
quantified the extent of injury with MR imaging by
measuring lesion length and volume (27–29). In
another study, apparent diffusion coefficient (ADC)
values were assessed in situ, and changes were seen
in portions of the injured spinal cord that were not
visible on conventional images (30). The animal
models used in these studies included weight drop
and clip compression.

While it was noted that cystic lesions might de-
velop in these models, none of these studies spe-
cifically focused on predicting or imaging cystic
lesions. In the present study, we used a model of
post-traumatic syringomyelia to assess convention-
al T1- and T2-weighted imaging against diffusion-
weighted imaging with ADC maps to determine
whether the latter would provide evidence of cystic
lesions before conventional T1- and T2-weighted
imaging did.

Methods

Rat Model of Syringomyelia

The technique used for QUIS injections was similar to that
described in previous studies using the method of intraspinal
microinjection to produce spinal injury (21). Briefly, male
Sprague-Dawley rats (250 to 300 g) were anesthetized with a
mixture of ketamine, acepromazine, and xylazine (0.65 mL/kg,
administered subcutaneously). After the vertebral column was
exposed at T12–L2 and cleared of muscle and connective tis-
sue, small portions of the vertebral lamina and spinous process
were removed, and the dura was incised longitudinally and
reflected bilaterally. At the site of the injection, the pia mater
was carefully elevated using a No. 5 Dumont forceps and a
small hole was made to allow penetration of the injection pi-
pette. Glass micropipettes (tip diameter, 5 to 10 mm) attached
to a Hamilton microliter syringe (volume, 5 mL) were used for

the parenchymal injections. The syringe was mounted on a
microinjector attached to a micromanipulator. Injections are
made between the dorsal vein and dorsal root entry zone at
depths ranging from 300 to 900 mm below the surface of the
cord. These coordinates positioned the injection sites in the
gray matter between laminae I and V. Stock solutions of 125
mM QUIS (RBI, Natick, MA) were made using normal saline.
At each injection site, 0.1 mL of 125 mM QUIS was injected
(over a 60-second interval). The total volume of QUIS ranged
from 0.6 to 1.2 mL (three tracks per animal separated by 0.3
mm, bilateral injections). Based on the volumes injected, the
total quantity of QUIS delivered at each injection site ranged
from 0.1 to 0.6 mg. Following the injections, the muscles were
closed in layers, the skin was closed with wound clips, and
the animals were returned to their home cages.

A total of four rats were injected with QUIS for this study;
two animals were sacrificed at 1 week, one was sacrificed at
4 weeks, and a fourth was sacrificed at 8 weeks. Initially, one
animal was to be sacrificed at 2 weeks, but self-injurious
grooming behavior, which developed after the spinal cord in-
jection, necessitated sacrifice at 1 week. A fifth rat was sacri-
ficed without having been injected with QUIS, and served as
a control animal. Before sacrifice, animals were given an over-
dose of sodium pentobarbital. Sacrifice was performed with
transcardial perfusion using buffered normal saline followed
by 10% buffered formalin. The spinal cord was dissected and
attached to a 2-mm dowel to ensure proper alignment. The
spinal cords were then placed in a 10% formalin solution for
1 week before imaging.

MR Imaging

Spinal cords were imaged 1 week after fixation and storage.
The spinal cords were removed from the formalin solution and
placed over a 4-cm single-loop receiver coil in a 1.5-T magnet.
The coil was centered over injection sites identified by ex-
amining the dorsal surface of the cord for dural and pial
openings.

Axial T1-weighted (800/22/6 [TR/TE/excitations]) and T2-
weighted (2000/80/4) images were obtained, and axial diffu-
sion-weighted images (3000/130/1) were acquired with diffu-
sion encoding applied along the slice-select (z) and read (x)
axes. Five different b values of 0, 200, 400, 600, and 750 s/
mm2 were used along each of the two axes to obtain calculated
ADC images. In all sequences, 12 axial images were obtained,
with a section thickness of 3 mm, a field of view of 31 mm,
and an image matrix of 200 3 200.

Histopathologic Analysis

After imaging, the specimens were sectioned and stained
with cresyl violet. Cresyl violet (Nissl stain) strongly stains
ribosomal RNA in the rough endoplasmic reticulum (Nissl
substance) of the neuronal cytoplasm.

The formation of cystic lesions within the spinal cord pa-
renchyma after injury may be divided into stages (31). In the
first stage, 1 to 2 weeks after injury, a debris-filled necrotic
zone forms, which may be referred to as a cavity. Following
this stage, macrophages clear the debris and the cystic lesion
is delineated by a wall of astrocytic processes, fibroblasts, and
collagen; this fluid-filled lesion may now be described as a
cyst. As the lesion progresses from cavity to cyst, it may en-
large until it reaches a stable size.

Image Analysis

Images were interpreted by consensus among the authors.
The T1- and T2-weighted images were first evaluated for cyst
formation. A cyst was defined as a lesion with CSF-equivalent
intensity on T1- and T2-weighted sequences.

ADC maps depict Brownian motion, which is the process
of random molecular diffusion in fluid. In organized biological
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FIG 1. A–E, Cross-sectional T1-weighted (800/22/6) (A) and T2-weighted (2000/80/4) (B) images of the spinal cord control specimen
show expected hypointensity of white matter on both imaging sequences. Cross-sectional ADC images of this same animal in the read
(C) and slice-select (D) axes show gray (G)/white (W) differentiation. A 2-mm dowel is seen ventrally. As expected, the gray matter is
relatively isointense on both images but the white matter shows longitudinal anisotropy; ie, hypointense on the read axis (C) and
hyperintense on the slice-select axis (D). Corresponding histopathologic section (E) is provided for images shown in A–D; the notch in
the upper left of the specimen is used to mark the left side of the spinal cord before sectioning.

structures, such as white matter tracts, diffusion properties are
said to be anisotropic; that is, diffusion is more restricted in
one direction than another. Isotropic refers to structures with
diffusion properties equal in all directions. The ADC maps
show increased signal when there is relatively unrestricted
movement of water molecules in the plane of diffusion encod-
ing and show decreased signal with relatively restricted motion
of water molecules. Increased signal should be seen in a fluid-
filled spinal cord cyst, as the movement of water molecules
will be freer in fluid than in cellular structures. A necrotic
spinal cord cavity should also display abnormally increased
signal, as the free movement of water molecules should in-
crease with cell destruction and necrosis. The increased signal
should be seen in both planes of acquisition, as fluid movement
should be isotropic in a cyst or cavity. The diffusion coefficient
values, which are measured from the ADC maps, show in-
creasing values with less restricted motion of water molecules.

The ADC maps were evaluated and compared with the rou-
tine MR and histopathologic images. To obtain ADC values,
regions of interest were drawn around these areas of increased
intensity in the ADC maps. ADC values were measured in both
the slice-select and read axes.

Statistical Analysis

Statistical analyses were conducted to determine whether
changes in ADC values among rats sacrificed at different times
following injection were statistically significant. Linear regres-
sions were performed with SPSS for Windows 7.5.1 (SPSS,

Inc, Chicago, IL). P values of less than .05 were considered
significant.

Results
Conventional T1- and T2-weighted images of the

normal control specimen showed expected signal
intensity for gray and white matter (Fig 1A and B).
In both imaging sequences, gray/white matter dif-
ferentiation was evident, and the gray matter was
hyperintense relative to white matter. This finding
is consistent with previous MR studies of the rat
and human spinal cord and was thought to be due
to the relatively small T1 and T2 differences be-
tween gray and white matter of the spinal cord,
causing images to be dominated by the increased
spin density of the gray matter (32). ADC maps of
the control specimen showed gray/white differen-
tiation in both the read and slice-select axes (Fig
1C and D), which corresponded to the histopatho-
logic specimen (Fig 1E). In both axes, the spinal
gray matter maintained an intermediate intensity. In
the slice-select (z) axis, there was increased inten-
sity of the white matter as compared with the gray
matter, and in the read (x) axis, the white matter
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FIG 2. A–E, Cross-sectional T1-weighted (800/22/6) (A) and T2-weighted (2000/80/4) (B) images of rat spinal cord 1 week after injection
show abnormal heterogeneous signal in the gray matter, worse on the left, with associated loss of normal gray/white differentiation
(curved arrow). Corresponding ADC maps in the read (C) and slice-select (D) axes show two areas of increased signal (arrows) in both
axes, corresponding to the two cavities partially filled with cellular debris on the histopathologic specimen (arrows, E). The increased
neuronal damage on the left is seen as a relative decrease in size of the dorsal gray matter on the left side of the spinal cord (arrowhead).

was hypointense relative to the gray matter. The
signal changes in the white matter were expected,
as prior studies have shown that diffusion anisot-
ropy is preserved in fixed specimens (33). The an-
isotropy corresponded to freer motion of water
molecules within axons along the longitudinal axis
of the ascending and descending white matter
tracts, as compared with the relatively restricted
motion of water molecules in the read axis (trans-
verse plane) across axonal walls.

One week after injection, the T1- and T2-weight-
ed images of one of the specimens showed abnor-
mal heterogeneous signal within the gray matter at
the level of injection, with loss of gray/white dif-
ferentiation, worse on the left than the right (Fig
2A and B). No definite cystic lesions were evident;
however, the ADC maps in both the slice-select and
read axes showed two areas of increased signal in-
tensity (Fig 2C and D), which corresponded to two
debris-filled cavities on the histologic specimen
(Fig 2E). In addition, there was increased neuronal
cell loss on the left as compared with the right,
which was seen as decreased size of the ventral
horn (Fig 2E); this asymmetric damage was reflect-
ed on the conventional MR images (Fig 2A and B).
The other specimen imaged 1 week after injection
similarly displayed no cystic lesions on conven-

tional MR images, and the ADC maps again
showed increased signal intensity corresponding to
cavities on the histologic specimen (not shown).

At 4 weeks, T1- and T2-weighted images
showed an area of low T1 and high T2 signal in
the center of the spinal cord (Fig 3A and B). These
signal characteristics were consistent with a spinal
cord cyst. This lesion corresponded to an area of
increased signal intensity on both ADC maps (Fig
3C and D). In a corresponding histopathologic sec-
tion, a central cystic lesion was seen with relatively
less debris than apparent in the lesions seen at 1
week (Fig 3E). In addition, there was a thicker,
more well-defined cellular border to this lesion,
suggesting the characteristics of a cyst. Finally, a
linear area of low signal intensity was seen in the
dorsal gray matter on both the T1- and T2-weighted
images (Fig 3A and B), which represented neuronal
degeneration, gliosis, and scarring along the injec-
tion tract (Fig 3E). Similar findings of a spinal cord
cyst depicted with conventional MR imaging and
ADC maps were apparent in the specimen imaged
8 weeks after injection (not shown).

The ADC values of the control gray matter were
averaged and the ADC values in areas of increased
signal intensity within injected gray matter were
also averaged; the white matter was not measured.
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FIG 3. A–E, Cross-sectional T1-weighted (800/22/6) (A) and T2-weighted (2000/80/4) (B) images of rat spinal cord 4 weeks after
injection show a cystic lesion within the spinal cord (arrow), hypointense on the T1-weighted image and hyperintense on the T2-weighted
image. A linear area of low signal intensity on both the T1- and T2-weighted images is seen within the dorsal gray matter (arrowhead),
representing neuronal degeneration, gliosis, and scarring along the injection tract. Corresponding ADC maps in the read (C) and slice-
select (D) axes show this cystic lesion (arrow) to be hyperintense in both axes. The cystic lesion seen on the MR images corresponds
to the cyst (C) seen in the histopathologic specimen (E), and the glial scarring seen on the conventional MR images is marked with an
arrowhead; note the decreased amount of debris within the cyst as compared with the cavities seen in Figure 2E.

FIG 4. Graph of the ADC values (1023 mm2/s) in both the read
and slice-select axes versus time. There is a progressive in-
crease in ADC values (y-axis) of the lesions seen within the af-
fected gray matter as the time (x-axis) since injection increased
from 1 to 8 weeks.

A graph of the gray matter ADC in both the slice-
select and read axes versus time was then plotted
(Fig 4). The spinal cord gray matter in the control
specimen showed slightly increased values in the
slice-select axis as compared with the read axis,
which may represent mild diffusion anisotropy
along the longitudinal axis. This finding is similar
to those obtained in another study using rat spinal
cords (30). There was a progressive increase in
ADC values of the visualized lesions as the time
since injection increased. Statistical analysis with
linear regression showed that this progressive in-
crease in ADC values was statistically significant
in both the read (P , .05) and slice-select (P ,
.05) axes. The gray matter above and below the
levels of injury in the injected animals had ADC
values similar to that of the control specimen.

Discussion
The indications for treatment of post-traumatic

syringomyelia are controversial (1, 9). Some au-
thors advocate neurosurgical treatment when a pa-
tient becomes symptomatic, and suggest serial di-
agnostic studies for asymptomatic patients with
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cysts (2, 4, 6, 10). Other authors have argued for
prophylactic treatment of spinal cord cysts (34), es-
pecially in the cervical spinal cord, where rapid
progression of the syrinx may lead to respiratory
failure (2). Most authors agree that MR imaging is
the best diagnostic radiologic tool, and that early
detection of these post-traumatic spinal cord cysts
is important to prevent or minimize the effects of
syringomyelia (2, 4, 6, 35). In the present study,
we evaluated a method of imaging that may pro-
vide earlier detection of patients at risk for post-
traumatic syringomyelia than available with current
clinical MR imaging techniques.

Prior studies of spinal cord injury and cyst for-
mation have used the weight-drop (26–28, 30) or
clip-compression methods (29), which have shown
abnormal signal intensity within the spinal cord re-
lating to hemorrhage. Subsequent cyst formation
may occur after such injuries, although not as con-
sistently as with the animal model of syringomyelia
that we used. Our model consistently creates cysts
with histologic features that are consistent with
post-traumatic spinal cord cysts (21). Although the
excitotoxic model of spinal cord injury is a non-
traumatic model, it contains many of the patho-
physiologic characteristics found after traumatic
spinal cord injury, including neuronal loss, gliosis,
demyelination, inflammation, breakdown of the
spinal blood-brain barrier, and cavitation (21–23,
31). Immunostaining for glial fibrillary acidic fac-
tor was positive in border areas of spinal cavities
(21), which is consistent with a gliotic border that
is expected in post-traumatic syringomyelia (1, 9,
21). For this reason, the excitotoxic model is be-
lieved to be relevant to studies related to mecha-
nisms of secondary tissue damage that follow spi-
nal cord injury.

Excitatory amino acids act on multiple receptors
in neuronal cell membranes, and with excessive ac-
tivation can trigger an excitotoxic cascade that ul-
timately leads to cell death (21). As cells die, there
is increased permeability of the blood-brain barrier
within the spinal cord, and increased edema. A cav-
ity begins to form as macrophages clear necrotic
tissue and reactive astrocytes and fibroblasts wall
off the necrotic area within the spinal cord (31). As
fluid fills the cavity, perfusion of surrounding tissue
may also be affected, and this alteration in spinal
cord blood flow may cause ischemia and the in-
creased release of excitatory amino acids, which
forms the basis for a destructive cycle of continued
tissue damage (16).

In this study, the ADC images at 1 week showed
areas of signal intensity that correlated with cavi-
tary changes in pathologic specimens. In addition,
the ADC values of these areas were increased. The
increase was expected, as cavities and cysts should
have freer movement of water molecules. The cav-
itary changes could not be seen on the conventional
T1- and T2-weighted images at this time. At 4 and
8 weeks, conventional MR imaging showed lesions
with signal intensities consistent with cyst forma-

tion. These lesions corresponded to areas of in-
creased signal intensity on the ADC maps as well
as to cystic lesions in the histologic specimens. The
increasing ADC values within the areas of increas-
ing signal intensity may represent clearing of ne-
crotic debris and proteinaceous material as cavities
become organized into cysts (31). As the injury
progresses and debris is removed, there should be
increasingly freer movement of water molecules,
which is reflected by increasing ADC values in
both the slice-select and read axes at 1, 4, and 8
weeks after injury.

There were two limitations associated with our
model that need to be mentioned. First, this model
does not take into account the effects of arachno-
iditis, scarring, and tethering of the spinal cord fol-
lowing injury. The abnormal CSF flow associated
with cord tethering may play an important role in
cyst progression and may relate to surgical out-
come (2, 4, 6–8, 10, 36–41). Cho et al (11) used a
rabbit model of syringomyelia that compared the
effects of subarachnoid kaolin injection with the
weight-drop model. In their study, they showed that
subarachnoid kaolin injection alone was not enough
to produce definite cysts or cavities, but combining
it with the weight-drop model made the animal
more prone to develop cysts (55.5%) than with the
weight-drop model alone (12.5%). In the rat model
we used, cysts developed in 100% of injected an-
imals, and we therefore believe that this rat model
of syrinx formation will be useful in the testing of
neuroprotective treatment strategies to prevent
post-traumatic syringomyelia. Although the exci-
totoxic model results in the formation of cysts over
the 2-month period evaluated in the present study,
it remains to be seen whether these cysts will con-
tinue to enlarge over more extended periods of
time.

The second limitation concerns the need for ex
vivo imaging if diffusion-weighted imaging is to
be performed. Newer techniques for in vivo MR
imaging, such as high-powered gradients and im-
plantable coils (42), may make in vivo diffusion-
weighted imaging of the rat spinal cord possible
(43–45). These advances will allow the longitudi-
nal study of syrinx formation with diffusion-
weighted imaging as well as with conventional im-
aging (43, 46).

Diffusion-weighted imaging of the in vivo hu-
man spinal cord is becoming a reality (47). It
should become feasible to create ADC maps in pa-
tients with spinal cord injury in order to evaluate
early cavity or cyst formation, which may be ap-
preciated with this technique before such lesions
are discernible with conventional MR imaging,
thus leading to earlier treatment.

Conclusion
Diffusion-weighted imaging with ADC maps

may detect early formation of cavitary lesions in
the spinal cord before they are visible on conven-
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tional T1- and T2-weighted images. This technique
may potentially be applied to future animal studies
of pathophysiology and to the treatment of post-
traumatic syringomyelia. In addition, diffusion-
weighted imaging may become a useful clinical
tool for the diagnosis and monitoring of secondary
pathologic changes, including cavity formation that
follows spinal cord injury in humans.
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