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BACKGROUND AND PURPOSE: MR imaging is the most comprehensive noninvasive means to assess
structural changes in injured central nervous system (CNS) tissue in humans over time. The few
published in vivo MR imaging studies of spinal cord injury in rodent models by using field strengths
=7T suffer from low spatial resolution, flow, and motion artifacts. The aim of this study was to assess
the capacity of a 17.6T imaging system to detect pathologic changes occurring in a rat spinal cord
contusion injury model ex vivo and in vivo.

METHODS: Seven adult female Fischer 344 rats received contusion injuries at thoracic level T10, which
caused severe and reproducible lesions of the injured spinal cord parenchyma. Two to 58 days
postinjury, high-resolution MR imaging was performed ex vivo (2) or in vivo in anesthetized rats (5
spinal cord injured + one intact control animal) by using 2D multisection spin- and gradient-echo
imaging sequences, respectively, combined with electrocardiogram triggering and respiratory gating.

RESULTS: The acquired images provided excellent resolution and gray/white matter differentiation
without significant artifacts. Signal intensity changes, which were detected with ex vivo and in vivo MR
imaging following spinal cord injury, could be correlated with histologically defined structural changes
such as edema, fibroglial scar, and hemorrhage.

CONCLUSIONS: These results demonstrate that MR imaging at 17.6T allows high-resolution structural

R imaging represents a powerful means to noninvasively

visualize pathomorphologic changes in humans follow-
ing spinal cord injury."> MR imaging findings correlate with
histopathologic sequelae observed after spinal cord injury
such as edema, hemorrhage, and secondary degenerative
changes such as cyst formation. Moreover, MR imaging en-
ables prediction of the severity of neurologic deficits after spi-
nal cord injury.” On an experimental level, regenerative strat-
egies have been validated in animal models of spinal cord
injury, which promote functional and structural recovery. In
particular, cell-based transplantation strategies hold great
promise in regenerating the injured spinal cord.*'® Ultra-
structural restoration in animals is primarily assessed by post-
mortem microscopicic analysis of spinal cord parenchyma. To
be able to monitor regenerative strategies in clinical applica-
tions, noninvasive imaging techniques are mandatory. Only
animal studies allow direct correlation of in vivo MR imaging
data with histologic postmortem data as a prerequisite for
proper interpretation of MR imaging findings in human stud-
ies after therapeutic interventions. Anatomic structures that
must be resolved in mice or rats are 5-10 times smaller than in
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analysis of spinal cord pathology after injury.

humans. This implies that volume elements in imaging data
are smaller by a factor of roughly 100-1000. MR imaging
studies of the spinal cord of rodent models, widely used to
assess the efficacy of regenerative strategies following spinal
cord injury, require a sufficiently high signal intensity—to-
noise ratio (SNR) to resolve small-scale structures with sat-
isfactory contrast. Furthermore, respiratory motion and
blood flow may induce image artifacts. Structural changes
occurring after spinal cord injury such as edema, cystic de-
fects, atrophy, and hemorrhage have been detected in sev-
eral MR imaging—based in vivo studies''™?; however, par-
tial volume effects resulting from a lower spatial resolution
in these studies reduced the reliability to exactly allocate
and interpret signal intensity changes seen with MR imag-
ing. Furthermore, studies demonstrating an acceptable spa-
tial resolution employed implantable coils, which, unlike
surface coils, require an additional invasive procedure. In
the present study, we investigated whether high-field MR
imaging at 17.6T would provide superior spatial resolution
and thus improved detection of structural changes in the
adult rat spinal cord following a defined contusion injury
ex vivo and in vivo.

Methods

Animals

The spinal cord injury and imaging experiments were conducted by
using 8 young adult female Fisher 344 rats weighing 160—180 g. Ex
vivo MR imaging was performed in 2 spinal cord-injured animals and
in vivo MR imaging in 5 spinal cord—injured (Table 1) and one unin-
jured rat. All experiments were carried out in accordance with the
European Communities Council Directive (86/609/EEC) and institu-
tional guidelines for animal care. All efforts were made to minimize
the number of animals used, as well as their suffering.



Table 1: Time table of in vivo MR imaging (MRI) scans for each
animal

Animal First MRI Scan Second MRI Scan Third MRI Scan
No. (Days Postinjury (Days Postinjury) (Days Postinjury) Histology

1 18 25 39 No*
2 18 25 39% No*
3 6 38 58 No*
4 2 38 — Yest
5 2 138 58] Yest

*Animals died during or shortly after last MRI scan.
tAnimals sacrified one day after the last MRI scan.
tlllustrated in Fig 5.

8lllustrated in Fig 4A-C.

[llustrated in Fig 40—F.

Surgical Procedures

For the surgical procedure animals underwent anesthesia made up of
amixture of ketamine (62.5 mg/kg body weight; WDT, Garbsen, Ger-
many), xylazine (3.175 mg/kg body weight; WDT), and acepromazine
(0.625 mg/kg body weight, Sanofi-Ceva, Diisseldorf, Germany) in
0.9% sterile saline solution. Rats received spinal cord contusion inju-
ries by using the Infinite Horizon (IH) Impactor spinal cord injury
device (Precision Systems & Instrumentation, Lexington, Ky) as de-
scribed elsewhere.?® A laminectomy was performed at T10 to expose
the dorsal portion of the spinal cord. The animals were suspended by
attaching Adson forceps to the rostral T9 and caudal T11 vertebral
bodies. Particular care was taken to align the exposed spinal cord
perpendicular to the axis of the Impactor. The 2.5-mm stainless steel
impounder tip was lowered to approximately 3-4 mm above the sur-
face of the exposed spinal cord. The contusion injury was finally in-
duced by applying an impact force of 2 Newton (equal to 200 kilo-
dyne) to the exposed spinal cord at a velocity of 130 mm/s. Overlying
muscle layers were sutured and the skin was closed. Postoperatively,
animals were kept warm, placed on beds of sawdust, and given man-
ual bladder evacuation twice a day for a period of =10 days as neces-
sary and received intramuscular injections of 10 mg Cotrimoxazol
(Ratiopharm, Ulm, Germany) once daily for a period of 10 days.
Animals regained automatic neurogenic bladder function after 5-10
days.

MR Scanner

All MR imaging experiments were conducted on a vertical Bruker 750
wide-bore magnet system (Bruker Biospin, Rheinstetten, Germany)
at 17.6T with a bore size of 89 mm.

In Vivo MR Imaging
Anesthesia was induced by inhalation of 4% isoflurane and main-
tained with 2% isoflurane in carbogen (95% oxygen and 5% carbon
dioxide). Body temperature was maintained by heating the gradient
cooling unit to 37 * 2°C.

A total of 5 rats underwent in vivo MR imaging between 2 and 58
days after thoracic spinal cord contusions were applied (Table 1). An
uninjured rat with an intact spinal cord served as control. An animal
gradient system with 57-mm inner diameter and 0.2 T/m was used.
Because of space restrictions within the gradient system, imaging of
the rat spinal cord by using wide-bore magnets was not possible with
commercially available hardware. Therefore, a probe head and sur-
face coil were custom built to provide maximum space for adult rats
as described.”! The surface coil was designed as a transmit-receive coil
in a half-cylindrical carrier mounted on an optimized probe base. The
probe base included balancing units (baluns), which are important at

higher frequencies because of the increased sensitivity of the electrical
setup to imbalances.

To avoid artifacts caused by blood flow and respiratory motion, a
triggering unit (RAPID Biomedical, Wiirzburg, Germany) for com-
bined electrocardiogram (ECG) triggering and respiratory gating was
used.

A multisection 2D spoiled gradient-echo sequence was used with
an echo time (TE) around 4 milliseconds, depending on the exact
spatial resolution used, and a repetition time (TR) around 200 milli-
seconds depending on the heart rate. As many as 9 sections were
acquired per scan. By using surface coils, gradient-echo sequences are
advantageous for transmission, because they are far less sensitive to
radio-frequency (RF) inhomogenities. Two interleaved multisection
datasets were acquired to cover a full 3D volume. The spatial resolu-
tion was at least 78 X 78 wm in-plane with a section thickness of 370
pum in axial sections and 156 X 98 wm in-plane with a section thick-
ness of 370 um in sagittal sections. Each series took 15-20 minutes.

Ex Vivo MR Imaging

For ex vivo MR imaging, one animal was perfused at 2 weeks and
another animal at 4 weeks after the contusion injury with 150 mL cold
0.1 mol/L phosphate buffered saline (PBS) followed by 400 mL 4%
paraformaldehyde in PBS. Spinal cords were removed and postfixed
overnight in 4% paraformaldehyde in PBS and then left for 1 day in
PBS containing 30% sucrose at 4°C. This fixation procedure is re-
quired for the histologic evaluation following ex vivo MR imaging.
For the actual imaging process, spinal cord specimens were trans-
ferred into 5-mm-wide NMR tubes (Wilmad, Buena, NJ) filled with
PBS containing 30% sucrose. Air bubbles were removed from the
tube by using a vacuum pump and leaving each sample at a pressure of
approximately 50 millibars for around 10 minutes.

A gradient system with 1 T/m and an inner diameter of 40 mm was
used with a commercial 5-mm linear birdcage resonator as transmit
and receive coil. The sample was kept at 20 = 1°C during imaging
experiments.

Positioning of the sample was performed by using a 3D low-reso-
lution gradient-echo sequence. A 2D multisection spin echo witha TE
of 7.5 milliseconds, a TR of 2 seconds, 24 signal intensity averages
(NA), and a total scan time 3.5 hours was used. With a field of view
(FOV) of 6 X 6 mm and an acquisition matrix of 256 X 256, the
spatial resolution was 23 X 23 wm in-plane with a section thickness of
300 wm. A total of 30 sections were acquired in axial direction and 14
sections in sagittal direction.

Histology

Animals were transcardially perfused with a 0.9% saline solution fol-
lowed by 4% paraformaldehyde in PBS 2 days after the final in vivo
MR imaging. The spinal cords were removed, postfixed overnight in
4% paraformaldehyde in PBS and left for 1 day in PBS containing
30% sucrose. Sagittal 35-um-thick sections of the thoracic spinal cord
containing the injured area were cut with a cryostat. Every seventh
section was immediately mounted on glass slides for Nissl staining. In
the remaining sections, Prussian-blue staining and light-level immu-
nohistochemistry were performed for a more detailed morphologic
analysis of the contused spinal cord tissue. Prussian-blue staining,
which was employed to detect hemosiderin deposits, was performed
as follows: sections mounted on gelatin-coated slides were immersed
in a solution of 4% potassium ferrocyanide and 4% HCI for 15 min-
utes. After several rinses, sections were counterstained with Vector
Nuclear Fast Red solution (Linaris, Wertheim, Germany) for 5 min-
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Fig 1. In vivo MR imaging of intact spinal cord at 17.6T. Panels A and B show sagittal
scans through the thoracic spinal cord (section thickness, 239 um; FOV, 40 X 30 mm;
in-plane resolution, 156 X 117 um; TR, ~200 milliseconds, depending on heart rate; TE,
4.4 milliseconds). Panels C and D display axial scans through the thoracic spinal cord
(section thickness, 500 wm; FOV, 17.7 X 35.5 mm; in-plane resolution, 69 X 69 um; TR
and TE, as above). Scale bar, 2 mm. A, A more lateral sagittal scan depicts primarily white
matter (lower signal intensity) with some longitudinally oriented more hyperintense
structure, reflecting the gray matter of the lateral ventral horn. CSF appears hyperintense,
vertebral bodies are hypointense. B, Most of the spinal cord parenchyma displayed here
represents gray matter (hyperintense) surrounded by white matter tracts (hypointense) in a
paramedian sagittal scan through the spinal cord. C, An axial scan through the thoracic
spinal cord allows the clear distinction between the typical butterfly appearance of the
spinal cord gray matter and the surrounding hypointense white matter. Also of note, spinal
roots can be clearly identified at this level. O, A subsequent scan more caudally shows the
spinal cord in cross-section away from the spinal root entry zone.

utes and dehydrated before coverslipping with Neo Mount (Merck,
Darmstadt, Germany). For immunohistochemistry, the following
primary antibodies were used: mouse-anti-GFAP (for astrogliosis;
DAKO, Glostrup, Denmark; at 1/2000), goat-anti-collagen type III
(for the fibrous scar; Southern Biotechnology, Birmingham, Ala, at
1/100) and mouse anti-rat monocytes/macrophages (clone EDI;
Chemicon, Hotheim, Germany, at 1/1000). The sections were
blocked in TBS + 3% donkey serum +0.1% Triton-X, and incubated
with the primary antibody in tris-buffered saline (TBS) + 3% donkey
serum +0.1% Triton-X overnight at 4°C on a rotating platform. The
following day, sections were incubated with the secondary antibody
(biotinylated donkey IgG; Jackson, Hamburg, Germany; at 1/1000) in
TBS containing 3% donkey serum +0.1% Triton-X. Sections were
incubated with avidin-biotinylated-peroxidase complex (Vector Elite
kit; Linaris) followed by development for 3—15 minutes in a 0.05%
solution of 3,3’-diaminobenzidine, 0.01% H,O,, and 0.04% nickel
chloride in TBS yielding a brown-black reaction product. Sections
were mounted onto gelatin-coated glass slides, air-dried, dehydrated,
and coverslipped with Neo Mount (Merck). The histologic analysis
was performed by using a Leica DMR microscope equipped with a
Spot CCD camera model 2.2.1 (Diagnostic Instruments, Sterling
Heights, Mich).

Results

In Vivo MR Imaging of Intact Spinal Cord
Gradient-echo MR imaging with ECG triggering and respira-
tory gating yielded high-resolution images of intact thoracic
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rat spinal cord in vivo without significant motion artifacts (Fig
1). The typical butterfly-shaped gray matter could be clearly
distinguished from the less-intense surrounding white matter
axonal tracts. The CSF surrounding the spinal cord appeared
as a small hyperintense rim adjacent to the spinal cord due to
its longer T2 and T2 relaxation times. With the applied se-
quence vertebral bodies appeared completely dark, whereas
vertebral disks were bright.

Ex Vivo MR Imaging of Contused Spinal Cord
Spin-echo images of excised spinal cord 4 weeks after a tho-
racic contusion injury revealed a signal intensity pattern away
from the injury epicenter in axial sections (Fig 2), which was
almost identical to in vivo gradient-echo images in unlesioned
animals (Fig 1C, -D). Gray matter was hyperintense compared
with white matter. The central canal could be clearly identi-
fied. The gray/white matter differentiation completely van-
ished at the contusion center (Fig 2G, -H). The homogenous
hyperintense signal intensity, which was pronounced in the
spinal cord center and diminished toward the surface of the
cord in all directions, was only interrupted by areas of signal
intensity loss in the center of the cord, which were confined
mostly to the gray matter (Fig 2G). Trauma-induced hemor-
rhage and consecutive hemosiderin deposits are the likely
pathologic correlates for this signal intensity—free area, which
have been described to occur frequently within the spinal cord
gray matter after injury.'” Hypointensities within the lesion
center (in particular in sagittal MR images)—not as pro-
nounced as the described hemosiderin-associated changes—
corresponded to immunoreactivity for collagen type III, but
not GFAP, in sagittal histologic sections (Fig 3B, -], -N), thus
representing components of the fibrous rather than the gliotic
scar. The overall diameter of the cord was reduced. In partic-
ular the dorsolateral columns were symmetrically diminished
in volume (Fig 2G, -H), reflecting substantial irreversible at-
rophy as soon as 4 weeks after injury. In some Nissl-stained
sections (Fig 3G) all types of organized tissue were absent,
which suggests a developing fluid-filled cavity; however, cor-
responding MR imaging scans did not display a homogenous
hyperintensity (Fig 3C), which would be the MR equivalent of
a cystic lesion defect. Instead, only a small hyperintense
band—the correlate of the true cystic lesion defect—sur-
rounded a hypointense core. Thus, it is likely that this hypoin-
tense area contained nonorganized material (inflammatory
cells and cell debris mixed with hemosiderin deposits), which
is regularly lost during the process of histologic analysis.
Remote from the lesion center, some neuroanatomically
restricted signal intensity changes could be observed (Fig 24,
-J-L; Fig 3B). Hypointensities strictly confined to either the
former main dorsal corticospinal tract caudal to the lesion or
the ascending proprioceptive pathways (gracile fascicle) ros-
tral to the lesion were identified. Hyperintense regions within
the dorsal columns rostrally and caudally (Fig 2B-D, -J-L; Fig
3A, -B) can be attributed to cystic necrotic zones, which were
identified in the corresponding sagittal histologic sections (Fig
3F). There was no difference in overall signal intensity changes
compared with the spinal cord sample, which was taken 2
weeks after the contusion injury (data not shown).



In Vivo MR Imaging of Contused Spinal Cord

Five animals with spinal cord contusions at thoracic level ap-
plied by the IH Impactor and one intact animal were analyzed
with MR imaging 2, 6, and 8 weeks postoperatively. Only 2 of
5 injured animals survived the MR imaging procedure and
were thus available for histologic evaluation. Most signal in-
tensity changes observed in ex vivo spin-echo images in the
contused spinal cord were almost identical to in vivo gradient-
echo images of the contused spinal cord. The cord diameter
was reduced at the lesion center; in particular, the dorsolateral

Fig 2. Axial ex vivo MR imaging scans of contused rat spinal cord. Axial sections of ex
vivo MR imaging show microscopy grade visualization of morphologic changes in the
injured rat spinal cord 4 weeks after contusion injury at midthoracic level (2D multisection
spin-echo; section thickness, 300 wm; FOV, 6 X 6 mm; in-plane resolution, 23 X 23 wm;
TE, 7.5 milliseconds; TR, 2 seconds). Scale bar, 1 mm. Panels A-L show consecutive
sections in the rostral-caudal direction. In rats the dorsal columns contain not only
ascending proprioceptive projections, which are located in the dorsal half of the dorsal
column. The crossed corticospinal tract projects in the ventral half of the dorsal columns,
unlike humans, where most corticospinal axons are located in the lateral columns. A-F,
In sections rostral to the contusion site, the spinal cord morphology is still maintained
with a clear differentiation of white and gray matter. Note the hypointensity in the dorsal
part of the dorsal columns (arrowheads) identical to ascending proprioceptive projections.
G-/, At the lesion center, the spinal cord diameter is reduced and gray and white matter
can no longer be separated. Hypointensities located in the center (G) reflect hemosiderin
deposits. J-L, Caudal to the lesion, the gray-white matter contrast is preserved. Both in
rostral and caudal scans (B-D and J-L) hyperintense signals are found in the dorsal
columns consistent with cystic defects (see also Fig 3). Hypointensities in axial scans
rostral to the lesion correspond to ascending sensory projections, whereas in caudal
scans they represent the area of the corticospinal tract (J-L, arrowheads).

aspects were atrophic (Figs 4A—F and 5E, -F), which was con-
firmed by identical findings in corresponding Nissl-stained
histologic sections. Toward the lesion epicenter, the gray/
white matter differentiation completely vanished (Fig 5D-G).
The signal intensity pattern of the gray matter in the intact
spinal cord (Fig 1C, -D) was replaced by hypointense areas in
the center of the cord surrounded by a hyperintense rim dor-
sally and ventrally (Fig 5D-G). As described in ex vivo MR
imaging (Fig 2F, -G), the hypointensities at the lesion center
represent hemosiderin deposits, which are remnants of the
hemorrhage caused by the trauma corresponding to dark areas
in Nissl- and Prussian-blue—stained sections (Fig 4K, -N). In
addition, hypointensities were found confined to the dorsal
columns rostral and caudal to the lesion, both in sagittal and
axial scans (Figs 4B, -E, and 5H), which are also paralleled by
ex vivo MR imaging findings. These hypointensities could be
correlated with hemosiderin deposits as depicted by Prussian
Blue staining of corresponding spinal cord sections (Fig 4K).
There was no correlation with areas of macrophage/monocyte
infiltration (Fig 4L-0), which are—in addition to being lo-
cated adjacent to the injury center— commonly identified in
white matter tracts remote from the lesion site highlighting
areas of ongoing Wallerian degeneration (N. Weidner, un-
published observation).

In Nissl-stained histologic sections (Fig 4H), small cigar-
shaped cystic areas decreasing in size rostrally were identified,
which represent areas of beginning post-traumatic syrinx for-
mation. In vivo MR imaging did not produce correspondingly
identifiable signal intensities (Fig 4B, -E). Most likely, the cho-
sen sagittal imaging planes did not include the location of the
central canal.

Discussion
This study was undertaken to evaluate the capabilities of high-
field (17.6T) MR imaging to identify morphologic changes
occurring after experimental spinal cord contusion injury in
adult rats. Findings from this study will serve as a basis for
future preclinical experiments employing high-field MR im-
aging to monitor cell-based regenerative strategies in the in-
jured spinal cord, which might become a relevant therapy for
spinal cord—injured human subjects.

To the best of our knowledge, thus far only a few publica-
tions have described findings of morphologic changes ob-
tained by MR imaging in vivo in spinal cord—injured rats.''~"°
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Fig 3. Sagittal ex vivo MR imaging scans of contused rat spinal cord and corresponding histology. Midthoracic contusion injury 4 weeks postlesioning; same specimen as Fig 2 (2D
multisection spin-echo; section thickness, 208 wm; FOV, 20 X 6 mm; in-plane resolution, 23 X 78 um; TE, 7.5 milliseconds; TR, 2 seconds). Scale bar, 2 mm. A-D, Ex vivo MR imaging
scans from lateral to medial. £+, Corresponding Nissl-stained sections. /~L, Corresponding GFAP immunostained sections. M-P, Corresponding collagen type Il immunostained sections.
Homogenous hyperintensities at the injury center (A) correspond to cystic lesion defects in histologic sections (£, /, and M). In other sections. mixed hypo-/hyperintensities in the lesion
center (B and C, arrows) are associated either with cystic lesion defects, hemosiderin deposits, or fibrotic scar formation (£, N, G, and O, arrows). A hypointensity following the path of
the dorsal corticospinal tract caudal to the lesion—corresponding to hypointensities in the dorsal columns in axial MR images (Fig 2}—is highlighted by arrowheads (B).

M ; N

Fig 4. Sagittal in vivo MR imaging scans of contused rat spinal cord and corresponding histology. In vivo MR imaging in adult rats at 2 and 8 weeks after thoracic contusion injury displays
signal intensity changes, which parallel the ex vivo MR imaging data (2D multisection gradient-echo; A-C, section thickness, 311 um; FOV, 30 X 30 mm; in-plane resolution, 117 X 117
um; TE, 4.4 milliseconds; TR, ~200 milliseconds, depending on heart rate; D—f, section thickness, 300 wm; FOV, 40 X 25 mm; in-plane resolution, 156 X 98 um; TE, 3.7 milliseconds;
TR, 200 milliseconds, depending on heart rate). Scale bar A-F, 5 mm; G-0, 1 mm. Consecutive sagittal MR images are shown at 2 weeks (A-C) and 8 weeks (D-F postinjury with
corresponding histologic Nissl (G-/) and Prussian-blue (J-L) —stained sections, and sections processed for ED1 immunohistochemistry (macrophages, monocytes; M-0), all from the same
animal. Arrows in A and B highlight the site of the impact. Hypointensities along ascending and descending axon projections in the dorsal columns (B and £) correlate with hemosiderin
deposits () rather than macrophage/monocyte infiltration (O; respective areas are indicated by arrowheads). These changes increase from 2 weeks (C) until 8 weeks (G) postinjury. The
clear reduction in cord diameter over time (B vs £ and C vs F) corresponds to the atrophy seen in histologic sections (G-0).

Of these, only 2 MR imaging studies investigated spinal cord  resolution was achieved at field strengths ranging from 1.5T to
contusion injuries,'®'® which are considered to mimic closely ~ 7T. Lower field strengths limit the achievable spatial resolu-
pathomorphologic changes occurring after spinal cord injury ~ tion due to SNR restrictions. Therefore, in-plane resolution
in human subjects. In all previous studies, only a very limited ~ and section thickness have to be reduced. The best resolution
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Table 2: Comparison of spatial resolutions in previous rat spinal cord injury in vivo MR imaging studies*

Voxel Volume In-Plane Resolution Section

(nl) (m) Thickness (um) Field Strength Coil Type Study

2.25 78 X 78 370 17.6T Surface coil Present study

12.2 78 X 156 1000 1.9T Implanted Ford et al’

304 780 X 780 500 15T Surface coil Guizar-Sahagun et al'?

17.3 76 X 76 3000 47T Surface coil Fraidakis et al'

76 195 X 195 2000 21T Surface coil Fukouka et al'*
Information not provided 2800 2T Surface coil Ohta et al'

80 200 x 200 2000 47T Birdcage coil Metz et al'®

12.7 130 X 98 1000 27 Implanted Bilgen et al'’

8.1 78 X 104 1000 T Implanted Narayana et al'®

*If one study used different resolutions, the highest resolution is quoted.

was achieved with implanted coils,'"'”'® which improve the
SNR compared with surface coils but require an additional
surgical procedure. Despite the use of a surface coil, we were
able to achieve a spatial resolution at 17.6T, which is 4 times
higher than the best previously reported resolution with an
implanted coil (Table 2). White and gray matter differentia-
tion,"”'®!” the delineation of cyst formation, and hemorrhage
from surrounding intact spinal cord parenchyma have been
reported.'”'” None of these studies, however, was able to spa-
tially allocate respective signal intensity changes as precise as
in the present study. The ability to visualize signal intensity
changes at a high spatial resolution will become particularly
relevant for future MR imaging studies employed to track the
survival and migration of a small number of paramagnetically
labeled transplanted cells in the injured spinal cord in small
animals.”

Both ex vivo and in vivo MR imaging of injured rat spinal
cords consistently depicted hypointensities in the dorsal col-
umns rostral and caudal to the contusion injury at the thoracic
level. The comparison with corresponding histologic sections
revealed that these hypointense areas represent hemosiderin

deposits due to trauma-induced hemorrhage. Whether mod-
erate hypointense signal intensity changes as seen with MR
imaging ex vivo exactly confined to the area of ascending sen-
sory pathways rostral to the spinal cord lesion represent Wal-
lerian degeneration, which has also been described to induce
hypointensities following spinal cord injury,” cannot be ex-
cluded. Both neuropathologic and the neuroradiologic studies
frequently report structural changes representing hemorrhage
following spinal trauma.'”**** Respective changes, however,
are observed in the gray matter accentuated in and adjacent to
the lesion center. To the best of our knowledge, extensive
white matter MR imaging signal intensity changes represent-
ing hemosiderin deposits as observed in the present study have
not yet been described. Field strength—dependent changes in
terms of relaxation rates and the higher spatial resolution seem
to have increased the contrast in regions of iron deposition,*®
thus allowing visualization of relatively discrete hemosiderin
deposits within the spinal cord. Whether the signal intensity
changes observed in this animal model of spinal cord injury
reflect pathologic sequelae of this disease condition in humans
remains to be determined. In case hemosiderin deposits re-

Fig 5. Axial in vivo MR imaging scans of contused rat spinal cord. In vivo MR axial scans in adult rats 6 weeks postinjury (2D multisection gradient-echo; section thickness, 370 um; FOV,
20 X 20 mm; in-plane resolution, 78 X 78 um; TE, 4.2 milliseconds; TR, ~200 milliseconds, depending on heart rate). Scale bar, 2 mm. Scans rostral to the contusion (A-C), at the lesion
center (D-G), and caudal to the lesion (H). The clear differentiation between white and gray matter disappears over subsequent sections. At the lesion center, hypointensities are surrounded
by hyperintensities, which are less pronounced toward the cord surface (£ and F). The dorsal aspect of the spinal cord at the lesion site appears more homogenously hyperintensive, most
likely representing cystic changes (D and E, arrowheads). Signs of atrophy are present in the dorsolateral spinal cord (£ and F).
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flecting a former hemorrhage are more widespread than pre-
viously thought, free radicals accumulating after an intraspi-
nal hemorrhage might further contribute to the poor intrinsic
regenerative capacity of the injured mammalian spinal cord.””

Ex vivo and in vivo MR imaging results show a mismatch of
MR images and corresponding histologic sections (Nissl
stains) in regard to the extent of cystic defects. In histologic
sections, we frequently observe a rather large cystic lesion de-
fect upon microscopic analysis, which overestimates the true
size of cystic changes. During the preparation of histologic
sections from contused spinal cord tissue, nonorganized ma-
terial such as cell debris, macrophages mixed with remnants of
previous hemorrhages filling the cyst in part is lost. In con-
trast, MR signal intensity changes in corresponding areas are
much more diverse, displaying not only hyperintensities re-
flecting cystic degeneration as suggested by histology but also
hypointensities representing hemosiderin and cell debris.
Thus, in vivo visualization by MR imaging provides invaluable
additional information that cannot be obtained from histo-
logic examination. For example, it is extremely important to
differentiate between these alterations in cell transplantation
approaches. Transplanting cells in a milieu rich in inflamma-
tory cells and hemosiderin will reduce the survival rate of
transplanted cells, thus jeopardizing the transplantation suc-
cess.”® Analyzing these changes over time by using MR imag-
ing will help establish the optimal timing and location for
transplantation after injury.

A significant limitation for small animal imaging at 17.6T at
this point is the reported poor survival rate of rats induced by the
scanning procedure. Even though a custom-built probe head was
used to overcome spatial restrictions,”' the tight fitting of exper-
imental animals can sometimes lead to insufficient air circula-
tion, which results in a rise of the isoflurane concentration
around the animal. Furthermore, the gradient cooling unit was
maintained at 37°C * 2°C throughout the imaging protocol to
control the animals’ body temperatures. Because only the tem-
perature of the gradient cooling unit, but not the actual body
temperature of the animals, was monitored, it is conceivable that
the temperature of the animal was beyond physiologic levels, thus
contributing to the observed mortality.

Conclusion

The present study was conducted to investigate the capabilities
of high-field MR imaging to monitor structural changes oc-
curring after spinal cord injury in rats. Results demonstrate
that MR imaging at 17.6T by using a surface coil provides
extremely high-resolution visualization of structural changes
occurring in the rat spinal cord following a contusion injury ex
vivo and in vivo, which is superior to the best-known spatial
resolution even with implantable coils. The achieved spatial
resolution allows exact localization of morphologic changes
such as cyst formation and hemosiderin deposition, which are
sometimes not seen with even histologic analysis of spinal
cord—injured animals over time. In principle, in vivo high-
resolution MR imaging should allow repeated structural anal-
ysis in individual animals, which would also help reduce sig-
nificantly the number of animals required for preclinical
investigations.
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