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ABSTRACT
The progression and repair of a traumatically injured spinal cord (SCI) involves multifactored processes. Noninvasive, mechanism-
informative objective biomarkers could greatly facilitate the translation of findings from preclinical animal models to patient ap-
plications. We aimed to develop and validate multiparametric chemical exchange saturation transfer (CEST) and quantitative 
magnetization transfer (qMT) magnetic resonance imaging (MRI) biomarkers for assessing SCI severity, demyelination, and neu-
roinflammation, as well as the response to neuroprotective drug treatment riluzole. Changes in CEST and qMT MRI metrics before 
and after a moderate contusion injury at the L1 level of the lumbar spinal cord were compared between two groups of rats that re-
ceived either the riluzole or a vehicle treatment over 8 weeks. The specificity of these MRI biomarkers was validated by postmortem 
immunohistology. The functional relevance of these biomarkers was evaluated by correlation with hindlimb sensorimotor and pain 
behavior. The pool size ratio (PSR) maps from qMT acquisitions of the SCI region in riluzole-treated rats showed increased white 
matter macromolecular content compared to the HBC vehicle-treated group, suggesting increased myelin levels and possible remyeli-
nation of the injured spinal cord. CEST APT pool (3.5 ppm) amplitude decreased at the region rostral to the injury in riluzole-treated 
rats compared to the vehicle group, indicating potentially reduced neuroinflammatory activity. MRI metrics correlated temporally 
with behavioral measures of injury severity and recovery. Histological analysis spatially validated MRI-revealed myelination and 
neuroinflammation status and confirmed differences between the drug and vehicle treatment groups. Quantitative MRI is well suited 
for monitoring and quantifying the efficacy of pharmacological treatments in preclinical spinal cord injury models. Multiparametric 
MRI changes in white matter myelination (qMT PSR) and neuroinflammation (CEST APT) in the injured spinal cord were related to 
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injury severity, behavioral deficits, and recovery progression over time. Both imaging metrics captured enhanced recovery from the 
neuroprotective drug riluzole, supporting the practical utility of these MRI biomarkers.

1   |   Introduction

Millions of people are affected by spinal cord injuries (SCI), 
which result in severe disruptions in motor, sensory, and auto-
nomic function [1, 2]. Post-SCI, long-term chronic symptoms 
such as bladder dysfunction, motor function deficits, and pain 
sensitization severely compromise the quality of lives of patients 
with SCI throughout their lives after injury [3, 4]. Despite diag-
nostic advances and improved understanding of the molecular 
mechanisms driving SCI pathologies, few treatments exist that 
successfully target these pathological changes after SCI, a sit-
uation exacerbated by the lack of non-invasive tools for longi-
tudinal monitoring of recovery processes. Here, we report the 
development and application of noninvasive multiparametric 
magnetic resonance imaging (MRI) for assessing spinal cord 
tissues after injury and demonstrate how they may be used to 
evaluate the efficacy of SCI treatments over time.

The pathological progression of SCI is critically influenced by 
post-injury neuroinflammatory processes, including activation 
of pro-inflammatory cytokines [5] and recruitment of inflamma-
tory activation in cells such as astrocytes and microglia [6, 7]. The 
progressive neuroinflammatory activity can deter axonal regener-
ation and intensify injury severity through processes such as toxic 
free radicals [8] and glial scar formation [9], leading to long-term 
chronic SCI pathological symptoms, including progressive neu-
ropathic pain [10] and diminished motor function recovery [11]. 
Neuroinflammation can also promote demyelination, another de-
generative process that occurs post-SCI [12]. Initial myelin degra-
dation is caused by the direct injury mechanism, leading to axonal 
tissue damage, typically due to blunt force trauma to the region 
[13]. Further white matter demyelination occurs as a result of the 
cascading post-injury degenerative processes, including the post-
injury neuroinflammatory response [14], Wallerian degeneration 
[15], and glutamate excitotoxicity [16]. Demyelination of spinal 
cord tracts post-injury leads to further disruption of spinal cord 
signaling conduction, thereby exacerbating post-injury sensory-
motor deficits [17]. Potential SCI treatments commonly target 
post-SCI neuroinflammation and promote remyelination in the 
damaged spinal cord axons [18]. Thus, monitoring neuroinflam-
mation and myelination post-SCI non-invasively is crucial for 
characterizing injury severity, monitoring injury progression, and 
assessing responsiveness to treatments.

MRI is capable of acquiring quantitative images generated using 
several different contrast mechanisms, allowing us to nonin-
vasively and comprehensively evaluate structural and molecu-
lar changes within the spinal cord following injury over time. 
Chemical exchange saturation transfer (CEST) imaging is an 
MRI method that is capable of monitoring concentration changes 
of some molecules of interest [19], including several essential me-
tabolites and neurotransmitters affected by neuroinflammation 
such as glutamate [20, 21]. We have previously demonstrated its 
use in rats subjected to lumbar contusion SCI [22]. Quantitative 
MRI methods can also indirectly assess myelin concentrations 
in both the brain and spinal cord [23]. In particular, quantitative 

magnetization transfer imaging (qMT) has the acquisition speed 
and high spatial resolution necessary for in vivo imaging of myelin 
content [24]. In previous rat and squirrel monkey SCI studies, we 
have shown that qMT is capable of tracking demyelination post-
injury, and the results were validated using gold standard post-
mortem histological staining for myelin content [25–27].

Multiparametric MR imaging of pathophysiological changes after 
SCI is well suited for obtaining a basic understanding of recovery 
processes but sequential MRI acquisitions may also be valuable for 
determining the optimal time window, targets, and effectiveness 
of therapeutic interventions. We postulate that qMT and CEST im-
aging biomarkers can be used to assess traumatic injury-induced 
neuroinflammation and demyelination and to report the effects of 
interventions over time. To demonstrate this capability, we studied 
the effects of riluzole, an anti-glutamatergic neuroprotective drug 
that has been FDA-approved for use for treating a wide range of 
neurodegenerative disorders and which is currently being studied 
in preclinical and clinical trials as a neuroprotective treatment for 
SCI [28, 29]. Previous preclinical experiments have demonstrated 
that administration of riluzole post-injury results in improved 
spinal cord structural integrity and increased motor function re-
covery in treated rats [30]. Thus, the neuroprotective treatment is 
well suitable for use to evaluate potential noninvasive SCI imag-
ing biomarkers. We herein demonstrate the use of CEST and qMT 
imaging metrics as noninvasive biomarkers for neuroinflamma-
tion and demyelination of injured spinal cord, validate their sen-
sitivity and specificity for detecting effects of riluzole treatment, 
and relate the changes in MRI metrics to sensorimotor and pain 
behaviors. Our results demonstrate the sensitivity, specificity, and 
behavioral relevance of MRI CEST and qMT metrics to underlying 
spinal cord pathology of neuroinflammation and demyelination. 
We confirm that riluzole as a neuroprotective drug showed ther-
apeutic efficacy in reducing SCI-associated neuroinflammation 
and neurodegeneration.

2   |   Materials and Methods

2.1   |   Animal Preparation

Sixteen adult male Sprague–Dawley rats weighing approx-
imately 275–300 g were studied. Each animal was initially se-
dated with 2%–3% isoflurane and then kept free breathing while 
under anesthesia using isoflurane (0.5%–1.5%) delivered by 
70/30 N2O/O2 gas mixture during the MRI sessions. Respiration 
rates were maintained between 30 and 60 breaths/min by ad-
justing isoflurane concentrations. Vitals signs, including res-
piration pattern and rectal body temperature, were monitored 
and recorded throughout each imaging session. For MRI scans, 
animals were placed in a supine position on a customized bed. A 
customized 2 × 2 cm quadrature surface coil [31], designed spe-
cifically for rat spine imaging, was placed under the back of the 
rat for scanning. The bed has built-in side and top plates that 
can be used to restrain body movement by securing the plates on 
the abdomen. All the procedures were performed according to 
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NIH animal research guidelines and were approved by our local 
Institutional Animal Care and Use Committee.

2.2   |   SCI

All rats underwent contusion injury under surgical-level anes-
thesia. A 5–6 cm incision was followed by a laminectomy on the 
dorsal side of the spine to expose the T12–L1 spinal cord seg-
ments. An Infinite Horizon impactor (Precision Systems and 
Instrumentation) was used to create a midline moderate contu-
sion injury at the lumbar L1 level. The injury was created using 
a 2-mm-diameter probe, applying a constant force of 160 kDynes 
with a 1-s dwell time. Post-operative care included administration 
of analgesics (5–15 mg/kg carprofen), antibiotics (15–20 mg/kg en-
rofloxacin), and manual expression of the bladder when necessary.

2.3   |   Riluzole and 2-Hydroxypropyl-β-Cyclodextrin 
(HBC) Vehicle Treatments

Rats with SCI were divided into two groups: treatment and ve-
hicle control. Riluzole was prepared following the methods de-
scribed in Wu et al. [30]. Riluzole powder (Sigma-Aldrich, VWR) 
was dissolved in 30% w/v of 2-hydroxypropyl-β-cyclodextrin 
(HBC, MilliporeSigma) to create a final stock of 8 mg/mL con-
centration. The final product was filtered through a 0.22-μm 
syringe filter for sterilization. The rats in the riluzole treat-
ment group (N = 8 rats) received 4 mg/kg of riluzole every 12 h 
through intraperitoneal (IP) injections for 2 weeks. The rats in 
the HBC vehicle group (N = 8 rats) received 30% w/v HBC every 
12 h through IP injections in the same schedule as the treatment.

2.4   |   Imaging Schedule

Riluzole treatment and HBC vehicle rats underwent MRI scans 
at multiple time points after surgery, at 3–4 days (Week 1), Week 
2, Week 4, and Week 8 post-injury. Not every rat received MRI 
scans at every time point, as some rats dropped out of the study 
due to complications from the injury. The total number of rats 
included in the final analysis is reported in the figure legends.

2.5   |   In Vivo MRI Data Acquisition

MR imaging studies were performed on a Magnex horizon-
tal 9.4-T magnet with a Bruker (Billerica, MA) console using 

a 2 × 2 cm2 rectangular transmit-receive quadrature radiofre-
quency (RF) coil [31]. High-resolution structural magnetiza-
tion transfer contrast (MTC) MRI images in all 3 spatial planes 
(axial, coronal, and sagittal) were acquired with a gradient echo 

sequence that incorporates a Gaussian RF offset pulse at 5000 Hz 
and 820° flip angle (TR/TE = 200/3 ms; FOV = 32 × 32 mm2; ma-
trix size = 128 × 128, slice thickness = 3 mm [axial], 0.50 mm 
[coronal] and 0.75 mm [sagittal], flip angle = 35°), serving as a 
reference for slice selection in subsequent qMT and CEST scans 
to capture the dorsal column at the site of the injury and for 
coregistration of quantitative images acquired at different ses-
sions. The MTC images were also used to determine the lumber 
enlargement and the level of spinal cord segments.

The qMT axial orientation images were acquired using a mod-
ified FLASH sequence with Gaussian saturation pulses at two 
saturation powers (flip angle = 820°, 220°), and 8 logarithmi-
cally scaled RF offsets from 1000 to 80,000 Hz, and an additional 
at 6000 Hz (TR/TE = 28/2.97 ms, NEX = 8, FOV = 32 × 32 mm2; 
matrix size = 128 × 128; slice thickness = 3 mm [axial]).

CEST imaging data were collected using a continuous wave 
CEST sequence with a 2.0-s rectangular irradiation pulse at 
1 μT power, followed by a multishot spin-echo echo-planar 
imaging sequence (two shots; TR/TE = 3000/29.59 ms; 
FOV = 32 × 32 mm2; matrix size = 96 × 96, slice thickness = 3 mm 
[axial], 0.8 mm [coronal]). The 33 RF offset frequency points 
were chosen to densely sample around specific pools of inter-
est between −5.0 and 5.0 ppm (−2000 to 2000 Hz). Two 3-mm 
thickness axial slices were chosen, one rostral and caudal to the 
injury site, along with one 0.8 mm thickness coronal orientation 
slice to generate CEST pool amplitude maps for each molecular 
pool of interest.

MRI parametric maps were also collected during each scan 
acquisition for potential artifact corrections. T1 maps were ac-
quired using an inversion recovery sequence. T2 maps were ac-
quired using a multislice multiecho (MSME) sequence. B0 maps 
are acquired using a multigradient echo sequence. B1 maps were 
acquired using the double-angle method. Scan parameters are 
provided in the supplementary materials.

2.6   |   MRI Image Analysis and Quantification

2.6.1   |   qMT

We used the Henkelman–Ramani two-pool model for qMT 
data fitting [32], as previously optimized for rat spinal cord im-
aging [25]. The MT-weighted MR signals collected at multiple 
offset resonance frequencies (Δf) were expressed as a function 
of irradiation amplitudes of continuous wave power equivalent 
(ωCWPE), proportional to the square of the saturation pulse flip 
angles (θsat), using the following signal equation model:

where a and b are the free water and macromolecular water 
pools, respectively. F is the pool size ratio (PSR), or the ratio of 
the macromolecular water and free water pools (M0b/M0a). In 
previous literature, PSR correlates strongly with myelin content 
in spinal cord white matter tracts [33]. M0a and M0b are the fully 
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relaxed magnetization signals in the free water and macromo-
lecular water pools. M0 is the magnetization signal without MT 
contrast, RRFB is the macromolecular pool rate of saturation; R1a 
and R1b are the longitudinal relaxation rates for the free water 
and macromolecular water pools. For our model, R1b is set con-
stant at 1 s−1, whereas R1a is dependent on the observed longitu-
dinal relaxation rate R1obs, described in the model as

Combining both equations, the acquired qMT signal is fitted 
using the Ramani–Henkelman model in order to calculate F, M0, 
RM0b, T2a, and T2b. Model fitting was performed using MATLAB 
2021B (MathWorks, Natick, MA) using a least-squares fitting 
algorithm minimizing the squared two-norm of the residuals. 
Voxel-by-voxel model fitting was used to generate PSR maps from 
the acquired axial orientation images. Average white matter PSR 
values were calculated using ROI-based segmentation, where fit-
ted voxels with residual greater than 0.01 and voxels with PSR 
values greater than 0.2 were excluded from statistical analysis.

2.6.2   |   CEST

CEST MRI data analyses were performed using MATLAB 
2020B. CEST images were used to generate Z-spectra from se-
lected gray matter regions of interest (ROIs) in both axial slices 
of the spinal cord, by first normalizing the image signals S to a 
reference scan S0 collected at an offset frequency of 100,000 Hz:

Z-spectra were fit to a series of 5 Lorentzian peaks:

which are each defined by peak amplitude A, frequency off-
set Δo, and width W. The 5 Lorentzian peaks were centered at 
−3.5 ppm (nuclear Overhauser effect [NOE]), −1.6 ppm (NOE), 
0 ppm (water), 2 ppm (amine), and 3.5 ppm (amide proton trans-
fer [APT]), the same model implemented in our previous rat SCI 
studies [22]. Peak fittings were performed in MATLAB using 
a nonlinear optimization algorithm  [34]. Amplitudes for each 
of the 5 fitted Lorentzian peaks were averaged across subjects 
for the riluzole treatment and HBC vehicle groups at each time 
point. Coronal orientation spatial maps of each molecular pool 
were generated using voxel-by-voxel fitting to the 5 Lorentzian 
pool model. Statistical comparisons of CEST/NOE peak ampli-
tudes between riluzole treatment and HBC vehicle groups were 
performed using a nonparametric Wilcoxon rank-sum test cor-
rected for false discovery rate.

2.7   |   Behavioral Data Acquisition and Analyses

Hindlimb locomotor and somatosensory deficits after SCI 
were quantified using a battery of behavioral tests. Baseline 

measurements were collected pre-SCI, followed by data col-
lection on Day 1 post-injury and on a weekly basis from Week 
1 until Week 8 post-injury. Basso, Beattie, and Bresnahan 
(BBB) Locomotor Rating scores [35] and open field [36] tests 
were used to measure locomotor functionality and coordina-
tion deficits for each limb post-SCI. Somatosensory functions, 
including tactile, thermal, and nociceptive responses, me-
chanical allodynia, and thermal hyperalgesia, were evaluated 
using Von Frey filament tests [37] and hot plate latency mea-
surements [38].

Open field tests measured locomotor activity of the animal 
subjects in an empty plexiglass open field chamber using a 
system of infrared beams. Movement in the chamber resulted 
in beam breaks, which were recorded as a measured move-
ment activity value. Each rat was habituated in the open field 
chamber for at least one 30-min session. Baseline BBB scores 
were also collected for each hindlimb during the open field 
sessions.

For manual Von Frey filament tests, the animals were placed 
in a small plexiglass chamber, with a mesh grid floor under-
neath. Monofilaments of specific force values were applied 
perpendicular to the hindpaw, and each filament was applied 
10 times consecutively for 1 s durations (2, 4, 6, 8, 10, 15, 26, 
and 60 g). A positive response was recorded if the rat demon-
strated at least 5 out of 10 responses at a specific filament 
strength, including paw withdrawal or any other physical 
stimulus response such as licking or shaking their paw after 
the filament was applied.

The hot plate test was performed by placing the rats on a hot 
plate set at 55°C, and the time to elicit a withdrawal or pain re-
sponse was measured, with a 15-s time limit. The hot plate test 
was not performed during the initial 2 days post-injury, due to 
the administration of post-operative analgesics. Statistical com-
parison between the treatment and vehicle groups at different 
time points was performed using a non-parametric Wilcoxon 
rank-sum test corrected for false discovery rate.

Behavioral measurements in the treatment and vehicle groups 
at different time points were compared and evaluated using 
a nonparametric Wilcoxon rank-sum test with false discov-
ery rate correction. Temporal correlations between behav-
ioral measurements and qMT PSR and CEST pool amplitude 
measurements were calculated using Pearson's correlation 
coefficients.

2.8   |   Postmortem Histological Analysis

Animals (N = 2 treatment rats × 2 sections per stain, N = 2 vehicle 
rats × 2 sections per stain) were euthanized 8 weeks post-injury, 
and spinal cord tissues were perfused, fixed with 10% formalin, 
paraffin-embedded, transversally sectioned, and processed in 
our Translational Pathology Shared Resource Core. Histological 
staining included blue hematoxylin for nuclei, brown 
3,3′-diaminobenzidine (DAB) for selected biomarkers of inter-
est (antibodies for inflammatory cells), and hematoxylin and 
eosin (H&E) for general tissue microstructure. Immunostaining 
included ionized calcium-binding adaptor protein-1 (iba-1) for 
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activated microglia [39], glial fibrillary acidic protein (GFAP) 
for astrocytes [40], and Luxol Fast Blue (LFB) for myelin den-
sity [41].

Images of histological sections (slides) of the stained spinal cord tis-
sues were captured at the Digital Histology Shared Resource Core 
at VUMC using a high throughput Leica SCN400 Slide Scanner 
automated digital image system from Leica Microsystems. Whole 
slides were imaged at 20× magnification to a resolution of 0.5 μm/
pixel. We used the open-source histological analysis software 
QuPath [42] to quantify both iba-1-positive activated microglia 
cells and GFAP-positive astrocytes by identifying the brown DAB 
“positive cells” from the blue hematoxylin “DAB-negative cells.” 
Histological quantification was performed by selecting 2 spinal 
cord sections from each subject and segmenting the sections as 
rostral and caudal to the spinal cord injury site using 2 separate 
rectangular ROIs to define each segment. QuPath analysis tools 
were used to first classify and separate stain vectors between DAB 
and hematoxylin stains and then segment spinal cord tissue from 
background. Next, the automated cell detection program counted 
all hematoxylin-stained cells. Finally, positive DAB-stained cells 
were classified using histogram-based thresholds based on DAB 
cell nucleus mean pixel-intensity values. The percentage of posi-
tive cells identified for each section, rostral and caudal to the spi-
nal cord injury site, were averaged across all cohort datasets and 
compared between riluzole treatment and HBC vehicle sections 
using an unpaired-t test (two-way, alpha = 0.05). For analysis of 
the LFB-stained spinal cord tissue sections, QuPath analysis tools 

were used to quantify the LFB stain intensity in a defined ROI, 
measuring myelin content in the selected area. Stain intensities 
were compared between treatment and vehicle groups using an 
unpaired-t test.

3   |   Results

3.1   |   qMT Captured Loss of Myelination After SCI 
and Improved Recovery in Riluzole-Treated Rats

qMRI-derived PSR measurements reflect the myelination sta-
tus of the white matter tissue. Healthy and intact white matter 
axons exhibit higher PSR values. Transverse axial spinal cord PSR 
maps from the riluzole treatment group indicated significantly 
higher PSR values in white matter voxels at the epicenter of injury 
(Figure 1A; mean ± SD: PSR = 0.106 ± 0.029), compared to white 
matter PSR values in PSR maps from the HBC vehicle treatment 
group (Figure 1B; 0.0698 ± 0.020, p = 0.0426), at Week 1, Week 2, 
and Week 4 post-injury. The treatment group white matter PSR 
values are comparable to our previous studies acquired from nor-
mal rat lumbar spine white matter regions (PSR = 0.1247) [25]. 
Similarly, the early injury time point PSR values from the vehicle 
group are almost identical to the PSR values in untreated SCI rats 
from our previous studies (PSR = 0.0710) [25].

Next, we quantified PSR values at three segmental locations 
using MTC contrast-weighted anatomical images as the guide 

FIGURE 1    |    Comparison of qMT PSR maps and values along the spinal cord in riluzole-treated versus HBC vehicle-treated SCI rats. (A,B) 
Representative PSR maps acquired from injury epicenter, rostral, and caudal to the injury at Week 1 and Week 2 to Week 4 post-injury in rats that 
received riluzole (A) versus HBC vehicle (B) treatment. (C–E) Average white matter PSR values comparison between treatment and vehicle groups, at 
(C) injury epicenter, (D) rostral, and (E) caudal, from Week 1 to Week 4. *p < 0.05, **p < 0.005, non-parametric Wilcoxon rank-sum test.
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for selecting white matter ROIs, as white matter–gray mat-
ter contrast was not evident in all PSR maps. At the injury 
epicenter, the PSR values of the white matter ROI showed 
significant higher and progressive increases during the 4-
week post-injury period in the riluzole treated (Figure  1C; 
Week 2 = 0.125 ± 0.029, Week 4 = 0.132 ± 0.027) versus the 
HBC vehicle-treated SCI rats (Week 2 = 0.0852 ± 0.031 and 
p = 0.0401, Week 4 = 0.0754 ± 0.018 and p = 0.0012), suggest-
ing enhanced remyelination in the riluzole-treated SCI rats 
over time. Rostral to the injury center ROI, the white matter 
PSR values of the treatment group (0.131 ± 0.030) were signifi-
cantly higher than vehicle treatment group (0.0968 ± 0.019, 
p = 0.0289) during the later weeks of the injury progression. 
At the caudal ROI location, no significant differences in PSR 
values were observed between the rats in the two groups. This 
suggests that riluzole enhances the remyelination process of 
spinal cord white matter tracts post-injury.

3.2   |   CEST Detected APT Pool Amplitude Increases 
Following SCI and Subsequent Decreases With 
Riluzole Treatment

CEST Z-spectra were acquired from two different imaging 
orientations: axial (transverse) and coronal (along the cord) 
over 8 weeks. At Week 1 post-injury, Z-spectra and fitting 
(Figure  2A,B) derived from ROIs on axial orientation CEST 
images showed that the 3.5 ppm APT pool amplitude decreased 
significantly in the riluzole treatment group compared to the 
vehicle control group. Peak values extracted from the rostral 
spinal segments to the injury epicenter showed no significant 
difference at −3.5, −1.6, and 2 ppm. However, the 3.5 ppm peak 
amplitude in the treatment group (mean ± SD: 0.0244 ± 0.0127) 
was significantly lower than the vehicle group (0.0669 ± 0.0483, 
p = 0.0378) (Figure  2C). No significant differences between 
groups were found during the later weeks post-injury.

FIGURE 2    |    Comparison of CEST axial Z-spectra data between riluzole treatment and HBC Vehicle controls. (A,B) Z-spectra with model fitting 
Lorentzian curves for riluzole treatment and vehicle rats from Weeks 1 to 4, rostral to the injury site. Blue arrow indicates CEST APT (3.5 ppm) mo-
lecular pool. (C,D) Box plots of peak amplitudes for each Z-spectra pool from rostral and caudal slices, comparing riluzole and vehicle rats during 
Week 1 post-injury. *p < 0.05, non-parametric Wilcoxon rank-sum test.
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Spatial maps of molecular pools derived from coronal orientation 
CEST images at Week 1 post-injury (Figure 3A,C) revealed sim-
ilar changes in the 3.5 ppm APT pool, as indicated by the high 
pool amplitude yellow voxels present at the epicenter in the rep-
resentative APT pool map from the HBC vehicle group, which 
are not visible in the representative riluzole treatment APT pool 
map. The spatial line profiles of the APT pool amplitudes potted 
along the long axis of the cord showed increases at the epicen-
ter of injury in the HBC vehicle group (Figure  3D,F), but the 
increase is absent in the riluzole treatment group (Figure 3B,E).

3.3   |   Behavioral Testing Identified Improved 
Functional Recovery After Administration 
of Riluzole

All four behavioral tests detected recovery differences between 
the riluzole-treated and vehicle-treated rats with SCI (Figure 4). 
The riluzole treatment group showed significantly improved 
motor function recovery, as indicated by higher BBB scores and 
normalized open field activity (Figure  4A,B), during the first 
2 weeks after injury. During later weeks post-injury (Weeks 
4–8 post-injury), the averaged BBB scores of riluzole-treated 
rats were also significantly higher than vehicle treatment rats 
(mean ± SD: 13.00 ± 4.99 for treatment and 8.75 ± 4.37 for vehi-
cle at Week 4 post-injury, p = 0.0370). Open field activity mea-
sures showed no significant differences between the two groups 

post-injury. The treatment group also showed longer response 
times (Week 2 = 3.40 ± 0.56 s, Week 4 = 3.12 ± 0.61 s) on the hot 
plate test compared to the vehicle group (Week 2 = 3.11 ± 0.64 s, 
Week 4 = 2.68 ± 0.75 s), indicating that the treatment group exhib-
its reduced heat pain sensitization at the later weeks post-injury.

3.4   |   Temporal Correlations Between qMT 
and CEST Metrics with Behavior During Recovery

Spatially coincident qMT PSR and CEST APT metrics were 
correlated temporally with behavioral measurement changes 
(Figure  5A,B) for riluzole and HBC vehicle treatment groups. 
Only the PSR value at the injury epicenter and 3.5 ppm CEST 
values at the rostral ROI showed significant differences between 
the two treatment groups, so we correlated these two, along with 
the measures derived from all defined regions (combined), with 
four behavioral time courses. Both PSR and APT pool amplitude 
measures acquired from the epicenter of injury and rostral to the 
injury (Tables 1 and 2) showed significant correlations with the 
BBB score (treatment PSR − BBB score r = 0.956 and p = 0.0436) 
and hot plate test (treatment PSR − HP time r = −0.952 and 
p = 0.0436, treatment APT − HP time r = −0.997 and p = 0.002). 
PSR values and APT pool amplitudes were combined between 
all defined regions for the treatment (qMT combined − BBB 
score r = 0.960 and p = 0.0399, qMT combined − HP time 
r = −0.968 and p = 0.0317, APT combined − Von Frey r = −0.984 

FIGURE 3    |    CEST coronal maps and spatial profile for the CEST 3.5 ppm pool at Week 1 post-injury. (A,B) Representative CEST (3.5 ppm) APT 
coronal map acquired from riluzole-treated rat, superimposed onto CEST image (A), with corresponding line profile showing decreased pool ampli-
tude at and rostral to the epicenter (B). (C,D) HBC vehicle rat CEST (3.5 ppm) APT coronal map, superimposed onto CEST image, with corresponding 
line profile showing increased pool amplitude at the epicenter. (E,F) Group-level CEST 3.5 ppm line profiles, averaged across riluzole (N = 8) and 
vehicle (N = 8) treatment groups, with standard error of the mean shaded blue.
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and p = 0.0153) and vehicle groups (CEST combined − open field 
r = −0.962 and p = 0.0379) and the combined metric also indi-
cated significant correlation with all four behavioral tasks. To 
quantify whether PSR and APT differences between treatment 
and vehicle animals were correlated with corresponding be-
havioral differences between the two groups, the differential 

values between treatment and vehicle were calculated for im-
aging and behavior measurements and temporally correlated 
(Table 3). Whereas no significant correlation values were found, 
strong correlations (greater than 0.7) were identified (epicenter 
PSR − open field r = 0.791; epicenter PSR − Von Frey r = −0.924; 
combined PSR − BBB score r = 0.724; combined PSR − hot plate 

FIGURE 4    |    Comparison of hindlimb sensorimotor behaviors in SCI rats receiving riluzole versus HBC vehicle treatment. (A) Combined BBB 
scores for left and right hindlimbs. (B) Open field activity normalized to the highest measured activity session. (C) Combined Von Frey filament test 
thresholds for left and right hindlimbs combined. (D) Hot plate test reaction time measurements. *p < 0.05, non-parametric Wilcoxon rank-sum test.

FIGURE 5    |    Temporal correlation of qMT and CEST imaging metrics to behavioral measurements of functional recovery. (A) Time course com-
parison between qMT PSR combined for all spatial regions and CEST APT combined compared to behavioral measurements for riluzole treatment 
group. (B) Time course comparison for HBC vehicle group.
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r = 0.756). PSR values and APT pool amplitudes in spinal seg-
ments rostral to the injury region and combined regions were 
also strongly correlated for both treatment and vehicle groups 
(Table 4).

3.5   |   Immunohistological Evaluation 
of Demyelination and Neuroinflammation

LFB staining for myelin revealed that spinal cord tissue sections 
from the riluzole treatment rats 8 weeks post-injury showed intact 
gray and white matter structural integrity (Figure 6A) and signifi-
cantly increased stain intensity (0.8066 ± 0.17), compared to the 

vehicle rat tissue sections (Figure 6B; 0.4252 ± 0.026, p = 0.004). 
The vehicle rat sections exhibited disrupted white matter struc-
tural integrity and tissue damage at the epicenter of injury.

Iba-1 (Figure 7A,B) and GFAP staining (Figure 7C,D) for acti-
vated microglia and astrocytes showed significantly increased 
percentage of Iba-1-positive cells (Figure 7E) from the HBC ve-
hicle group spinal cord tissue sections (34.2%) compared to the 
treatment group (20.8%, p = 0.0074), corresponding to increased 
activated microglia activity in the HBC vehicle group com-
pared to the riluzole treatment group. No significant difference 
in GFAP-positive cells was found (Figure  7F), and no rostral-
to-caudal differences were found for either inflammatory cell 
staining types in the treatment and vehicle groups.

4   |   Discussion

4.1   |   qMT PSR as an Imaging Biomarker 
of Post-Injury Demyelination and Treatment 
Efficacy

At the injury epicenter, qMT maps indicated significantly in-
creased PSR values in white matter post-injury for the riluzole 
treatment group compared to the vehicle group, starting from 

TABLE 1    |    Treatment qMT/CEST: behavior correlation.

qMT epicenter CEST rostral qMT combined CEST combined

BBB score 0.956* 0.919 0.96* 0.851

Open field 0.632 0.683 0.663 0.922

Von Frey −0.875 −0.941 −0.900 −0.984*

Hot plate −0.952* −0.997* −0.968* −0.899

Note: Treatment qMT/CEST MRI metrics temporal correlation with corresponding behavioral metrics. Red = |r| > 0.7. Values highlighted in red are strong correlations.
*p < 0.05.

TABLE 2    |    Vehicle qMT/CEST: behavior correlation.

qMT epicenter CEST rostral qMT combined CEST combined

BBB score 0.73 −0.932 0.823 −0.934

Open field 0.852 −0.894 0.925 −0.962*

Von Frey −0.744 0.852 −0.842 0.917

Hot plate −0.676 0.907 −0.776 0.903

Note: Vehicle qMT/CEST MRI metrics temporal correlation with corresponding behavioral metrics. Red = |r| > 0.7. Values highlighted in red are strong correlations.
*p < 0.05.

TABLE 3    |    Treatment–vehicle differential correlation.

qMT epicenter CEST rostral qMT combined CEST combined

BBB score 0.656 0.696 0.724 0.644

Open field 0.791 −0.597 0.754 −0.524

Von Frey −0.924 0.354 −0.905 0.287

Hot plate 0.7 0.697 0.756 0.682

Note: Treatment–vehicle differential in qMT/CEST MRI metrics, temporal correlation with corresponding Treatment-vehicle differential in behavioral metrics. 
Red = |r| > 0.7, *p < 0.05. Values highlighted in red are strong correlations.

TABLE 4    |    qMT–CEST correlation.

Regions Treatment Vehicle

qMT–CEST rostral 0.957 −0.793

qMT–CEST caudal 0.568 −0.251

qMT–CEST combined 0.811 −0.970*

Note: Correlations between qMT and CEST MRI metrics for treatment and 
vehicle groups. Red = |r| > 0.7. Values highlighted in red are strong correlations.
*p < 0.05.
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Week 1 and extending into the later weeks post-injury. In the spi-
nal cord, the immobile proton signal in white matter regions is 
mainly from water bound within the myelin layers covering the 
axons. Thus, PSR is an indirect measure of myelin concentra-
tion [33, 43–45] and may be used as a reporter of myelin status. 
The greater PSR values in rats who received riluzole treatment 
at the time of injury demonstrate that qMT PSR can be employed 
as a biomarker of neuroprotection against demyelination based 
on the effect of riluzole. PSR values for treatment rats progres-
sively increased from Weeks 2 to 4, indicating that PSR may be a 
sensitive biomarker of enhanced remyelination in the treatment 
animals. The vehicle group showed little change in average PSR 
values over time in comparison. Segmental PSR values success-
fully differentiated between the treatment and vehicle and also 
revealed spatial differences in myelination changes post-injury. 
In the vehicle group, PSR values did not increase in the seg-
ment rostral to the injury site during the later weeks post-injury, 
whereas the treatment group showed gradual PSR increases in 
all three spatial segments of the spinal cord. The quantification 
of LFB stain of postmortem spinal cord tissue supports our in-
terpretation of PSR values as indicating myelin content and my-
elination status.

4.2   |   CEST APT Pool Amplitudes as Biomarkers 
of Neuroinflammation and Response to Treatment

CEST Z-spectra from rostral to the spinal cord injury region 
identified a reduction in the APT pool in the riluzole treat-
ment group at Week 1 post-injury, compared to the vehicle 
group. The APT molecular pool signal is typically related to 
proteins and small peptides [46], including metabolites as-
sociated with neuroinflammation. In other models of neu-
rological disorders, such as traumatic brain injuries [47] and 
ischemic stroke [48], an increase in the APT pool amplitude 
correlated with elevated neuroinflammatory activity [49, 50]. 
This suggests that the reduction of the APT pool in the rilu-
zole treatment group corresponds to reduced neuroinflam-
matory activity as a result of the neuroprotective treatment. 
This is further validated by the postmortem histological anal-
ysis, showing that the spinal cord sections from the riluzole 
treatment group exhibited significantly reduced activated mi-
croglia cell count compared to the HBC vehicle control group, 
signifying decreased neuroinflammation for the treatment 
group. Thus, changes in the APT pool amplitude may be used 
as a biomarker of neuroinflammation.

FIGURE 6    |    Luxol Fast Blue (LFB) validation of riluzole treatment reduction of demyelination. (A,B) Representative coronal sections of LFB-
stained spinal cord tissue obtained from SCI rats that received riluzole (A) or vehicle (B) treatments, with zoomed-in representations of the tissue 
sections (at 20× magnification) at the center, rostral, and caudal to the injury epicenter. (C–E) Comparison of normalized mean LFB stain inten-
sities at three ROIs: rostral (C), epicenter (D), and caudal (E) in SCI rats that received riluzole treatments (N = 2 rats × 2 sections) or vehicle (N = 2 
rats × 2 sections). LFB intensity is significantly decreased in HBC vehicle group sections compared to riluzole treatment. **p < 0.005, non-parametric 
Wilcoxon rank-sum test.
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FIGURE 7    |    GFAP and Iba-1 validation of riluzole treatment reduction of neuroinflammation. Selected from serial coronal sections from lumbar 
spinal cord of a riluzole treatment rat and HBC vehicle rat 8 weeks after injury, sections stained for microglia marker iba-1 and astrocyte marker 
GFAP. All treatment (N = 2 sections × 2 rats) and vehicle sections (N = 2 sections × 2 rats) showed lasting injury with areas of reduced gray and white 
matter or deformation to tissue structure. (A) Iba-1-stained treatment section, with zoomed-in representations of the section at 20× magnification 
rostral and caudal to the SCI region. Cell count analysis shows Iba-1-positive cells labeled in red, and negative cells labeled in blue. Rectangular ROIs 
dividing the section into rostral (red) and caudal (green) are shown. (B) Iba-1-stained vehicle spinal cord section, with cell labeling. (C) GFAP-stained 
treatment section at 20× magnification rostral and caudal to the SCI region. (D) GFAP-stained vehicle section, with cell labeling. (E) There is a sig-
nificant decrease in Iba-1-positive cell percent for treatment rats compared to vehicle. (F) No significant difference was observed in GFAP-positive 
cell percent for treatment compared to vehicle. **p < 0.005, non-parametric Wilcoxon rank-sum test.
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4.3   |   Behavioral Relevance of qMT PSR and CEST 
APT Imaging Metrics

The riluzole treatment group demonstrated improvements in 
motor function, particularly the BBB score, during the later 
weeks post-injury, compared to the vehicle group. They also ex-
hibited decreased sensitivity to heat and pain stimulus in a hot 
plate test, indicating lack of hyperalgesia symptoms typically 
associated with SCI. This is consistent with previous preclinical 
riluzole treatment studies, where rats treated with riluzole also 
exhibited increased motor functionality with improved BBB 
scores compared to the vehicle group [30]. Functional recovery 
over time for both treatment and vehicle groups correlated tem-
porally with both qMT PSR and CEST APT metrics, especially 
BBB score and hot plate response times. The results validate 
the functional relevance of both imaging biomarkers, as both 
show correspondence to behavioral recovery over time after 
the injury. These measures also show different correlations to 
each behavioral measure, which could be due to differences 
in the specific pathology to which each imaging parameter 
is sensitive. The qMT metric shows stronger correlation with 
motor function, whereas CEST APT is highly correlated with 
somatosensory function. For predicting recovery progression 
differences between the riluzole treatment and HBC vehicle 
groups, qMT appears to have greater sensitivity, shown by the 
stronger correlation values in the correlation analysis. Thus, 
using a multimodal imaging approach is appropriate for quan-
tifying injury severity, recovery progression, and treatment ef-
ficacy, as different imaging biomarkers are more sensitive for 
monitoring different aspects of recovery. Our results indicate 
that administration of riluzole post-SCI successfully acts as a 
neuroprotective treatment that reduces post-injury neuroin-
flammation and demyelination and translates to correspond-
ing motor and somatosensory behavior improvements in the 
treated rats.

4.4   |   Histology Validated 
the qMT and CEST Metrics of Myelination Status 
and Neuroinflammation in Riluzole-Treated Rats

The myelin histological staining verified the distribution of 
myelin captured using qMT MRI, showing that qMT is capa-
ble of indirectly monitoring myelin changes in the spinal cord. 
Previous riluzole treatment preclinical studies used structural 
histology to demonstrate that riluzole preserves and reduces 
structural degradation in the spinal cord post-injury [30]. 
Although myelination was not explored in previous studies, 
our results are relatively similar, showing that the extent of 
post-injury demyelination is reduced in treatment rats, and the 
treatment group shows remyelination after injury, unlike the 
vehicle group.

4.5   |   Clinical Relevance

We have successfully demonstrated that qMT PSR mapping can 
noninvasively probe myelination changes in spinal cord white 
matter tracts post-injury and the CEST APT molecular pool can 
identify concentration changes of metabolites related to neu-
roinflammatory activity.

Both metrics provide crucial information regarding the injury 
severity and recovery progression from SCI. The CEST APT 
and PSR parameters can differentiate between rats treated with 
riluzole, a neuroprotective drug that can improve motor and 
somatosensory function after SCI. Thus, we believe that quan-
titative MRI is highly suitable for quantifying the efficacy of 
different SCI pharmacological treatments in preclinical trials. 
CEST and qMT images may be acquired of human spinal cord 
[21, 24] and thus can be applied for use in human clinical tri-
als. The identified imaging biomarkers can advance the devel-
opment of new treatments for SCI that can target longitudinal 
pathological symptoms of SCI and improve long-term recovery 
prognosis for SCI patients.

5   |   Conclusion

Multi-parametric MR imaging metrics of structural my-
elination (qMT PSR) and neuroinflammation (CEST APT) 
changes after spinal cord injury are sensitive indicators of in-
jury severity, correlate with behavioral deficits, and report re-
covery progression after injury. Both imaging metrics reliably 
reflected the effects of the administration of the neuroprotec-
tive drug riluzole and may be used as biomarkers of the effects 
of other drugs.
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