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Abstract

Objective—Diffusion weighted imaging (DWI1) is a powerful tool for investigating spinal cord
injury (SCI), but has limited specificity for axonal damage- the most predictive feature of long-
term functional outcome. In this study, a technique designed to detect acute axonal injury, filter-
probe double diffusion encoding (FP-DDE) is compared with standard DWI for predicting long-
term functional and cellular outcomes.

Methods—This study extends FP-DDE to predict long-term functional and histological outcomes
in a rat SCI model of varying severities(n=58). Using a 9.4T MR system, a whole-cord FP-DDE
spectroscopic voxel was acquired in three minutes at the lesion site and compared to DWI at 48
hours post-injury. Relationships with chronic (30-day) locomotor and histological outcomes were
evaluated with linear regression.

Results—The FP-DDE measure of parallel diffusivity (ADCy) was significantly related to
chronic hind limb locomotor functional outcome (R?=0.63, p<0.0001) and combining this
measurement with acute functional scores demonstrated prognostic benefit versus functional
testing alone (p=0.0007). Acute ADC;; measurements were also more closely related to the number
of injured axons measured 30 days after the injury than standard DWI. Furthermore, acute FP-
DDE images showed a clear and easily interpretable pattern of injury that closely corresponded
chronic MRI and histology observations.

Interpretation—Collectively, these results demonstrate FP-DDE benefits from greater specificity
for acute axonal damage in predicting functional and histological outcomes with rapid acquisition
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and fully automated analysis, improving over standard DWI. FP-DDE is a promising technique
compatible with clinical settings with potential research and clinical applications for evaluation of
spinal cord pathology.
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Introduction

Early identification of spinal cord injury (SCI) severity can affect long-term outcome by
affecting early clinical decision-making! while providing important information to patients?.
Thus, several strategies have been devised to provide early and accurate prognostication of
injury severity. Current clinical standards rely on functional testing, such as ASIA scoring
for characterizing injury3, but are often unreliable for predicting long-term functional
outcomes due to changes in score over time within some patients®. Clinical magnetic
resonance imaging (MRI), such as To-weighted imaging, has aided SCI assessment, but
similarly does not reliably predict long-term functional outcomes due to the lack of
specificity to axonal damage®~’, the strongest pathological correlate of long-term functional
outcome following SCI8: 2. Thus, techniques such as diffusion weighted imaging (DWI1), and
diffusion tensor imaging (DTI1)1% 11 in particular, have garnered considerable interest as
noninvasive biomarkers of SCI due to their sensitivity to microscopic axonal damagel?: 13,

DTI in experimental SCI4 has shown decreased diffusion in white matter fiber tracts related
to axonal damage!®~17, but its use in acute human SCI is limited by technical hurdles of
spinal cord imaging, particularly in the acute care setting, as well as the heterogeneity of
human SCI. Moreover, despite sensitivity to injury18, it cannot disambiguate the effects of
axonal damage from confounding changes from edema and inflammation accompanying
injuryl®. One approach to disentangle these effects uses mathematical models to separate
axonal signal from edema and inflammation, with a variety of proposed solutions20-25, Of
these, the White Matter Tract Integrity (WMT]I) model showed the greatest ability to
disambiguate axonal and extracellular water in a simulation study®. However, these
techniques require longer acquisitions times, considerable post-processing, and added
complexity that limit their clinical feasibility and ease of use for acute SCI.

An alternative approach has been recently demonstrated to achieve similar disambiguation
during the acquisition stage as opposed to the post-processing stage. Instead of using
diffusing weighting solely to measure diffusion properties of tissues, diffusion weighting can
also serve as a filter to suppress undesirable features in the tissue. This technique, known as
filter-probe double diffusion encoding (FP-DDE), previously showed improved specificity to
axonal damage over DTI and WMTI in simulations!® and reflected the severity of injury in
the acute stage using a rat model of contusion SCI25. Furthermore, recent advances have
improved the potential clinical use of DDE imaging on clinical hardware2’. However,
clinical translation and utility also requires insight into the relationship between FP-DDE
and long-term function, and it is hypothesized that the improved specificity for axonal
damage with the diffusion filter will enable better prediction of functional outcomes
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compared with traditional DT1 and WMTI measures. In this study, we applied a fast and
objective measurement from FP-DDE to prognosticate locomotor outcomes in the rodent
model in comparison with DTI and WMTI. Furthermore, the relationship between FP-DDE
and the underlying tissue structure was evaluated using quantitative histology. The filter-
probe technique was also implemented using a traditional imaging readout as a
demonstration of its flexibility for individual applications. In total, these studies provide
important validation of the filter-probe technique for prognostic purposes in clinical
applications.

Animals and Spinal Cord Injury Procedure

All animal procedures were approved by the Institutional Animal Care and Use Committees
(IACUC) at the Medical College of Wisconsin (MCW), Clement J. Zablocki VA Medical
Center, and Northwestern University (NU). Experiments were conducted at two separate
sites chronologically due extended downtime of the MRI system at the Medical College of
Wisconsin. All experimental procedures were performed in their entirety at each of the
respective institutions. A total of 58 female Sprague-Dawley rats (250-275 g; Charles River)
were used in this study at both sites (MCW n=23, NU n=35) with all experiments performed
by the same personnel.

For the injury procedure, rats were anesthetized with 4% inhaled isoflurane, ensuring
absence of leg flexion-withdrawal and corneal reflexes. The back was shaved and sterilized
with povidone-iodine, and an incision was made over the mid-thoracic region. A
laminectomy was performed on the T10 spinal segment, the animal was positioned in a
MASCIS impactor (W.M. Keck Center for Collaborative Neuroscience; Piscataway, NJ), and
a 10 g rod was dropped from a height of 0, 10, 25, or 50 mm to induce a sham (MCW n=6,
NU n=7), mild (MCW n=5, NU n=8), moderate (MCW n=5, NU n=8), or severe (MCW
n=7, NU n=10) injury, respectively. After surgery, rats were placed on postoperative care,
including twice-daily bladder expression, one dose of enrofloxacin (10 mg/kg
subcutaneously; Bayer Healthcare LLC; Shawnee Mission, KS), buprenorphine
hydrochloride (0.1-0.5 mg/kg subcutaneously; Rickitt Benckiser Health Care Ltd; Hull,
UK), and 6 cc of lactated Ringer’s solution. Animals were kept under postoperative care
procedures until bladder function returned and no signs of infection or stress were evident.

Magnetic Resonance Imaging

In vivo magnetic resonance experiments were performed on two separate Bruker 9.4 T
Biospec Systems, MCW (Site 1) and NU (Site 2), with different software versions,
Paravision 5.1 and 6.0.1, respectively, but with nearly all other features similar, including
identical radiofrequency coils and magnetic field gradient performance. A commercial 4-
channel surface coil array (Bruker Biospin) was used for signal reception and a 72 mm
diameter quadrature volume coil was used for transmission.

Animals were placed supine with the T10 spinal level centered over the receiver coil array
and secured to a custom-made cradle to minimize motion. MRI procedures were performed
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on injured animals at 2 days (acute) and 30 days (chronic) post-injury. A sagittal FLASH
gradient echo image was used as a reference to position slices at the T10 lesion epicenter.
For DTI data, conventional pulsed gradient spin echo (PGSE) acquisitions employed a
diffusion weighted spin-echo echo planar imaging (DW-EPI) sequence as described
previously28. Briefly, a 4-shot, respiratory-gated EPI acquisition (TE=28 ms; TR=1500 ms,
varied by respiratory rate) was used to collect 12 slices centered on the injury epicenter with
an in-plane resolution of 0.20x0.20 mm?, slice thickness of 1.0 mm, and 0.5 mm slice gap.
A total of four signal averages were used to acquire 30 unique diffusion directions28 with b-
values of 500, 1000, and 2000 s/mm? using 7 ms gradient duration (8) and 13.4 ms gradient
separation (A) and 15 non-diffusion-weighted images. This full DW-EPI acquisition required
approximately 65 minutes of imaging time.

FP-DDE implementation used a twice-refocused spin echo sequence modified to include
two pairs of Stejskal-Tanner diffusion weighting gradients surrounding each of the
refocusing radiofrequency pulses as described previously25. FP-DDE diffusion encoding
consisted of an initial diffusion weighting “filter” applied perpendicular to the spinal cord
axis with a non-varying strength b=2000 s/mm2. This was followed by a second diffusion
weighting “probe” gradient pair applied parallel to the spinal cord axis using nine separate
b-values ranging from 0-2000 s/mm?2. For a whole-cord diffusivity measure, FP-DDE
encoding was coupled with a Point-RESolved Spectroscopy (PRESS) readout using a single
voxel (10x10x6 mm3) centered on the T10 lesion epicenter. Gradient timings included =6
ms and A=12 ms. Voxel shimming was performed using the Bruker MAPSHIM for first-
order and Z2 shims followed by manual correction for final optimization. Other acquisition
parameters were: TR=3000 ms, TE=42.26 ms, sweep width=4960 Hz, number of
points=256, and 4 repetitions for signal averaging. Respiratory and cardiac gating were
employed to improve signal stability25. Total acquisition time was approximately 3 minutes,
varying slightly by respiratory rate. Additional FP-DDE acquisitions were acquired in 35
rats at 2 vertebral levels above and below the lesion epicenter using these same parameters to
determine the ability of this technique for collecting data remote from the injury site.

In a subset of the injured animals, application of the filter-probe contrast mechanism was
combined with an imaging readout along with a reduced view (rFOV) excitation scheme?®
implemented as an echo planar gradient trajectory with 16 excitation Gaussian sub-pulses,
each with 0.2 ms duration. This acquisition had TE=35 ms, field of view of 13.5x9.6 mm?
(90x64 matrix: 150 um? in-plane resolution) and 2 mm slice thickness and did not include
additional outer volume suppression or fat suppression. The diffusion scheme was identical
to the DDE except only five probe b-values were used ranging from 0-1000 s/mm?.
Acquisition time was approximately 5:30 minutes, varying slightly by respiratory rate. A
comparison of DTI and filter-probe images is shown in Figure 1.

MRI Analysis

An overview of the DTI and FP-DDE analysis is given in Figure 2. DW-EPI data were
motion and eddy current corrected using the Spinal Cord Toolbox3C. DTI parameter
maps1® 11 were calculated using weighted linear least squares implemented in FSL31,
generating maps of DTI parameters of mean diffusivity (MD), axial diffusivity (AD), radial
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diffusivity (RD), and fractional anisotropy (FA). Whole cord regions of interest (ROI) were
manually traced using parameter maps and the non-diffusion weighted (b=0 s/mm?) images.
To avoid inclusion of voxels with CSF, the manual ROIs were masked by diffusion weighted
images perpendicular to the spinal cord (b=250 s/mm?). The reported mean DTI parameter
values consist of the average of the 4 slices centered at the lesion site and spanning the same
extent of spinal cord as the FP-DDE voxel.

These diffusion data were also processed using the White Matter Tract integrity (WMTI)
model21: 3233 which utilizes the multiple b-value shells and directions in order to model the
fraction of axonal water (AWF)based on the following equation:

K
AWF = "2 1]
K, ..*+3

where K, is the maximum kurtosis3# 35 over all possible directions, given as

Sy =Sy exp (~bD+ D%k 2]

The diffusion tensors for each compartment were derived, with the diffusion of the intra-

axonal space (D,) given by
[K (1 - AWF)
_ _ n
Da,n - Dn [1 3- fintra } [3]

where D, and K, are the diffusion and kurtosis in a given direction 7, and the diffusion of

the extra-axonal space given by
K,  AWF
T30z AWF)] [4]

Analysis of FP-DDE data used custom Matlab scripts for automated derivation of diffusion
parameters from the magnitude of the filtered diffusion signal as previously reported8. For
similarity to DTI, the FP-DDE signals were fit to a standard monoexponential diffusion
equation:

D,, =D,

S; =8, exp(— b-ADC”) [5]
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where S; is the diffusion-weighted signal, Sy is the non-diffusion weighted signal, b is the
diffusion weighting b-value, and ADC, is the parallel diffusivity. Only the “probe” diffusion
weighting values were considered, so Sg reflects the signal from the first filtered point (filter
b=2000 s/mm? and probe b=0 s/mm2). Since restricted diffusion also exhibited high
sensitivity to injury, a bi-exponential equation was used to model two non-exchanging
compartments:

S;=Sy g+ exp (—b-Dg)+Sy(1 =) exp (=b- Dy, ) [6]

where Dr and Dy, represent the restricted and non-restricted diffusivities, respectively, and
fris the fraction of signal (0-1) with restricted diffusion. All fitting used a constrained
maximum diffusivity of 3.0 pm2/ms.

For rFQV filter-probe images, maps of parallel diffusivity (ADC)) along the spinal cord
were calculated with Eq. 5 using only the filtered images. Parameter maps were derived
from a single slice at the T10 injury epicenter. Color-coded composite images were
generated to simultaneously visualize acute axonal injury and axonal loss based on ADC;
(red; 0—2 pm?/ms) and SNR-normalized DWI ; image (green; 0-30 units of signal to noise
ratio), respectively.

Functional Scoring

The Basso, Beattie, and Breshnahan locomotor scale3¢: 37, which scores hind limb
locomotor function in an open field testing procedure, was used to evaluate functional status
of rats at 1 and 30 days post injury (dpi). Video recordings of each session were scored by
two trained individuals blinded to injury severity and dpi, with the mean score used for
subsequent analysis.

Histological Quantification

Histological sectioning and staining was performed in 37 rats (MCW:18, NU: 19).
Immediately following 30-day imaging and functional scoring, rats were euthanized with
phenobarbital euthanasia followed by transcardial perfusion with phosphate buffered saline
(PBS) and fixation with 4% paraformaldehyde in PBS. The spinal column was maintained in
fixative for 48 hours and the spinal cord was subsequently removed from the column and
processed for histology by embedding in paraffin. From the injury site, transverse 5 um thick
sections were cut and stained for primary antibodies to: phosphorylated anti-neurofilament
H (SMI31; BioLegend, San Diego, CA) indicative of healthy axons, non-phosphorylated
neurofilament H (SMI-32; BioLegend, San Diego, CA) indicative of injured axons, anti-
CD68 (ED1; Abcam, Cambridge, MA) for activated microglia, anti-glial fibrillary acidic
protein (GFAP; EMD Millipore, Darmstadt, Germany) for astrocytes, and DAPI DNA
staining (Vector Laboratories, Burlingame, CA) for cell nuclei as a measure of overall
cellularity.

Fluorescent images of each section were acquired using a 20x objective with a resolution of
0.32 um/pixel. Images were analyzed with ImageJ38 using the Analyze Particles plugin
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along with custom macros for cell counting. For each stain, a region of interest was
manually placed around the entire spinal cord section. Background signal was removed
using an intensity-based percentile cutoff (ranging from 95-98%) and positively-stained
cells were identified with a minimum size threshold (ranging from 155 pm for SMI31 to
1100 um for SMI32) and circularity constraints (ranging from 0.1-1.0 for ED1 to 0.0-0.6
for GFAP) to remove spurious pixels. Total counts of positively-stained cells for all
antibodies were normalized by the total cord area and log-transformed for subsequent
analysis.

Statistical Analysis

Results

All statistical analysis was performed using Stata 12 (StataCorp. 2011. Stata Statistical
Software: Release 12. College Station, TX: StataCorp LP). The relationship between
imaging metrics and BBB scores were analyzed using a linear regression model to determine
the predictive ability of early imaging for long-term functional outcome. Regression analysis
was repeated by omitting the sham group to further evaluate separation of injury severities.
Site was included as a covariate and reported for those metrics where it had a significant
effect (p<0.01). The best-performing diffusion metrics from the FP-DDE and DTI schemes
were further compared for strength of correlation with BBB scores using Steiger’s test3®,
which involves a Fisher r-to-z transformation to provide a z-score with which to test
correlation equality. Prediction models for chronic BBB scores were also compared using a
likelihood ratio test to evaluate the relative strengths of models using acute BBB alone, acute
diffusion measurements alone, or a combination of acute BBB and diffusion measures.
Histological outcomes were related to acute and chronic diffusion metrics and BBB scores
using multiple linear regression of stained cell counts as independent variables.
Experimental site (MCW, NU) was also included as a covariate and reported for those
metrics where it had a significant contribution (p<0.01).

In the reported data, two animals were excluded due to failed drop procedures, three rats
died after data collection at the acute time point and were not included in chronic analysis,
and three rats had scans excluded due to poor data quality.

Relationship with Functional Outcomes

Results of all regression analyses for functional scores with diffusion metrics are presented
in Table 1. The acute diffusion metrics of ADC, fr, FA, AD, Dj, and Dgpgr showed
significant relationships with acute BBB scores, although significance was not maintained
with the sham group omitted. Similarly, all chronic diffusion metrics showed significant
relationships with chronic BBB scores except for MD, although again significance was not
maintained with the sham group omitted. Finally, all acute diffusion metrics demonstrated
significant relationships with chronic BBB scores except for RD, AWF, and Dgperp (Fig. 3,
Table 1). All chronic diffusion parameters showed the same correlation directionality as the
acute diffusion metrics, with the exception of chronic RD, MD, and Dgperp, Which were
negatively correlated with chronic BBB scores. The DTI metric from the acute time point
that best predicted chronic BBB scores (AD: R2=0.52) was compared with FP-DDE metrics
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(ADCy; R2=0.63) and using the Steiger’s z test, showing no significant difference in
predictive power compared to acute ADC; (Z=1.07, two-tailed p=0.28). Similar results were
seen with no difference between ADC) and D, from WMTI (Z=0.74, 2-tailed p=0.46).

Likelihood ratio tests were used to compare goodness-of-fit of predictive models of chronic
BBB scores, including acute BBB score alone (R?=0.71, p<0.0001), acute ADC alone
(R?=0.63, p<0.0001), and a combination of acute ADC; and acute BBB (R?=0.77,
p<0.0001). It was found that the combined acute ADC;; and BBB model outperformed acute
BBB alone (x2=11.61, p=0.0007) and acute ADCj alone (x?=25.28, p<0.0001) for
predicting chronic BBB scores. Similarly, models testing acute BBB alone, acute fpalone
(R2=0.55, p<0.0001), and a combination of acute fzand acute BBB scores (R?=0.77,
p<0.0001) found that the model combining acute f» and BBB predicted chronic BBB scores
better than acute BBB alone (x2=10.30, p=0.001) or acute falone (x2=32.93, p<0.0001).
For the combined acute BBB and diffusion prediction model both acute ADC; (3=0.36) and
acute fp (p=—0.31) substantially contributed to the prediction. Similarly, the model
combining acute AD and acute BBB scores (R2=0.78, p<0.0001) was a better predictor of
chronic BBB score than acute BBB alone (X2:14.17, p=0.0002), as was a combination of
Da and acute BBB (Regression: R2=0.75, p<0.0001; Likelihood Ratio Test: (X2:7.82,
p=0.005).

For assessments remote from the lesion, 29 animals had scans two vertebral levels rostral to
the injury epicenter, which showed a non-significant association of acute ADC); with acute
BBB scores (R2=0.19, p=0.02) and with chronic BBB score (R?=0.21, p=0.02), noting that
the strength of the relationship was much lower than at the lesion epicenter. The correlation
coefficient between the rostral diffusion data and that from the epicenter was 0.66 for the
acute data (R?=0.29, p=0.002) and 0.42 for the chronic data (R=0.08, p=0.16). Acute ADC;
data collected two vertebral segments caudal to the injury site (n=35) did not show a
significant relationship to acute BBB score (R?=0.12, p=0.04) or chronic BBB score
(R?=0.07, p=0.13). The correlation coefficient between the caudal diffusion data and that
from the epicenter was 0.33 for the acute data (R2=0.20, p=0.006) and 0.34 for the chronic
data (R2=0.06, p=0.29). Distance from the lesion site included as a variable in these analyses
showed no significance in relating to BBB scores in the acute or chronic period.

Relationship with Histological Outcomes

Examples of histological stains in sham and severely injured rats are given in Figure 4a.
Overall, the SCI lesion site was associated with fewer healthy axons (SMI131), but increased
injured axons (SMI132), activated macrophages (ED1), cellularity (DAPI), and astrocyte
reactivity (GFAP). Multiple linear regression results are presented in Table 2.

For prediction of histological outcomes from acute diffusion metrics, ADC showed a strong
relationship to histology overall (R2=0.68, p<0.0001) and was significantly related to SM132
staining for injured axons (p=0.001, B=—0.64). Similarly, acute f» (R?=0.55, p=0.0001) also
showed a significant relationship SMI131 cell counts (p=0.01, p=0.57). While acute FA

(R2=0.71, p<0.0001) and AD (R2=0.59, p<0.0001) showed strong overall relationships with
histology, neither showed significance with specific cellular markers. From the WMTI

model, D, (R?=0.71, p<0.0001) and Dgpar (R?=0.71, p<0.0001) were significantly related to
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histology overall, with significant associations between D, and DAPI staining (p=0.004, p=
—0.42) and between Dgpsr and ED1 staining (p=0.007, B=-0.45). While the multiple
regression analysis of chronic diffusion metrics identified significance in chronic ADCy, FA,
AD, RD, AWF, Dy, Dgpar, and Dgperp (Table 2), significance with specific cellular markers
was only observed between FA and SMI32 (p<0.001, p=-0.70) and between D, and SMI32
(p=0.001, p=—0.70).

As a related test of the relationship between histological markers and functional outcome,
multiple linear regression was performed with these same markers and BBB scores. Both
acute BBB scores (R2=0.72, p<0.0001) and chronic BBB scores (R2=0.63, p<0.0001) had a
significant relationship with SMI132 cell counts (Acute: p<0.001, p=-0.69; Chronic:
p=0.004, B=-0.67) while no other cellular markers had a significant independent
relationship to BBB scores. A graphical representation comparing these relationships with
those from diffusion metrics is given in Figure 4b.

Imaging

Example rFOV filter-probe images are shown in Figure 5. Combination of the perpendicular
filtered diffusion image (DWI ) and parallel diffusivity (ADC)) as a composite color map
enabled simultaneous visualization of axonal injury and loss. Acutely at the lesion site,
axonal injury without loss was evident (high DWI signal and low ADC)) as an increased
red area which scales with the degree of injury. At 30 days post-injury, these acute injured
regions formed a central cystic cavity visible as a bright CSF on T,-weighted images and a
void on composite images. No axonal injury was evident at 30 days post-injury, but the
residual tissue in the severe injury demonstrated a decrease in axonal density (low DWI |
signal). Subsequent histological staining for SM131 and SM132 axons confirmed cavitation
with increased axonal injury (SMI32) and decreased healthy axonal density (SMI31) in the
severe injury. Comparison over time showed strong agreement between localized areas of
damage measured acutely with the FP-DDE and chronic loss of axons related to the severity
of the induced injury.

Comparison of Experimental Sites

To examine potential effects of MRI system differences between experimental locations,
noting that the systems were the same field strength and vendor but different software
version and all other experimental procedures were performed by the same personnel, all
statistical tests included experimental site as an independent variable. In the ANOVA for
categorical effects of injury severity, the DTI metric of acute FA showed a significant
interaction between site and severity (p=0.004) as well as the WMTI metrics of acute D,
(p=0.001) and acute Dgpqr (p=0.001). For regression analyses of acute diffusion metrics with
acute BBB score, a significant effect of site was seen with AD (p=0.009) and ADC;,
(p=0.003). For regression of chronic diffusion metrics and chronic BBB score, AWF showed
a significant site effect (p=0.01). No significant site effect was seen for regression of acute
diffusion metrics with chronic BBB scores. For the histological regression analyses,
significant site effect was seen for the acute metrics of ADC|| (p<0.001), AD (p<0.001), RD
(p<0.001), MD (p<0.001), AWF (p<0.001), and Dgperp (p<0.001). For chronic diffusion
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metrics with chronic histology, a significant site effect was seen with ADC]|| (p=0.01). No
site effect was seen for BBB scores in the histology analysis.

Discussion

Overall, these results demonstrate that the acute filter-probe diffusion MRI technique shows
a strong association with functional and histological domains that predict outcome in a rat
model of SCI. Moreover, it shows a distinct benefit over DTI with faster acquisition (<4
mins) and a fully automated analysis of the spectroscopic data that is objective and easily
interpretable. Benefits were also seen in the filter-probe imaging at the lesion site, which
provided high contrast maps to distinguish axonal injury and loss from healthy spinal cord
white matter tissue, which was further enhanced by the removal of contaminating signals
from CSF and cystic formations that obscure DTI maps. Thus, this study demonstrated
multiple strengths of the filter-probe technique, demonstrating promise as a biomarker of
spinal cord injury severity with potential for use in acute clinical evaluation.

As demonstrated previously28, the filter-probe technique demonstrated its ability to predict
functional outcome with high accuracy. Metrics from FP-DDE, DTI, and WMTI were
significantly related to BBB scores at both acute and chronic time points, indicating the
ability of each technique to detect the presence of acute and chronic injuries. The omission
of the sham groups demonstrated that acute diffusion metrics were not reliable marker of
functional impairment in the acute period, but they were strong predictive markers of later
functional outcomes and may provide use in clinical prognostication of SCI outcome. While
FP-DDE was similarly predictive to DTI and WMT], its analysis required much less manual
involvement in post-processing and analysis. Lastly, combining acute FP-DDE metrics and
acute BBB scores improved the predictive ability for chronic BBB scores, indicating
potential usefulness when added to clinical functional testing. Thus, acute FP-DDE metrics
provide a useful metric with a distinct advantage over DTl and WMTI for predicting chronic
functional outcomes while retaining a significant relationship to axonal damage.

To explore the cellular basis of the delay between diffusion metrics and functional scoring,
quantitative histology was related to the diffusion metrics. As expected, BBB scores were
significantly related to the extent of axonal injury (SMI32 staining), as axonal injury and
sparing are consistently shown to correlate with function in experimental SCI

models8: ® 374042 Acute ADC)| from FP-DDE was also significantly correlated with
chronic SMI32 positive cell counts indicative of axonal damage, highlighting its prognostic
accuracy for pathological features. This agrees with previous work showing relationships
between longitudinal ADC and degree of axonal loss1® 43, In this study, no acute DTI
metrics showed a significant and independent relationship with chronic histological markers
of axonal injury or other cellular markers of damage. Acute WMTI metrics were significant
predictors for cellularity (D, and DAPI) and with activated microglia (Dgpgr and ED1).
However, in the chronic setting, both DTI and WMTI were associated with distinct
pathological features in which FA and D, were closely related to axonal damage while FP-
DDE metrics were not. These features highlight the specificity of FP-DDE for acute axonal
injury, for which it was designed, by capturing early axon morphological changes without
complications from edemal®.
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This technique was designed to relate more specifically to axonal injury as it is the
pathological feature most indicative of long-term outcome® 9 37.40-42 previous studies
demonstrated the utility of DTI in the hyperacute period following injury®’: 44, although
these studies highlighted a murine model at a period prior to the onset of edema. Edema is a
characteristic feature of clinical SCI, and is a dynamic and evolving process* that can have
a confounding influence on the specificity to axonal injury in DTI19, By suppressing the
signals associated with extracellular fluid, FP-DDE is more robust against the effects of
edema. Early measures of ADC) are likely capturing the extent of axonal beading previously
hypothesized to occur in acute traumal2 and directly observed in the /7 vivo SCI cord?®.
Thus, prognostication in the acute setting was the major impetus for these studies and fulfills
a precise clinical need.

On the other hand, the complex and evolving cellular landscape of axon degeneration and
other inflammatory processes in SCI demonstrate significant change over the 30 days
examined with this study*”- 48, As the current results demonstrate, the utility of FP-DDE to
monitor axonal injury decreases over time. For instance, FP-DDE in the chronic setting did
not correlate with histological markers and the filter-probe images at 30 days post-injury
(Fig. 5) did not suggest detection of acute injury (red color on DW-combined image). On the
other hand, both the loss of spinal cord tissue and decreased axonal density in the spared
tissue was evident in both histological sections. The degeneration of axons and increased
vacuolization at the injury site render the technique less effective at the chronic time

point#9 50 These results are consistent with other acute neurological injuries, most notably in
cerebral ischemia. DWI is a highly sensitive marker of an acute infarct, but its sensitivity
diminishes up to the first week post-injury as diffusion pseudo-normalizes. These imaging
signatures are paralleled by degeneration, inflammatory cell infiltration, and tissue loss,
which follows a similar cascade in SCI. At the chronic stage, the number of residual axons
through the lesion is closely associated with functional status® °. While FP-DDE is
indicative of axonal injury, beyond this acute window its sensitivity to injury diminishes.
Additional follow-up is warranted to identify this window with higher frequency serial
studies®L. On the other hand, DTI measures such as FA and WMTI measures such as D,
have stronger relationships with axonal loss (Fig. 4) and are likely to perform better as
markers of chronic SCI indicative of axonal sparing. Ongoing monitoring of SCI or
evaluation of therapeutics may therefore require a combination of techniques, including DTI,
noting that these relationships change over time and, as such, must be carefully studied
within this context.

One important barrier for clinical adoption of MRI techniques including diffusion is their
ability monitor the injury after surgical implantation of spinal hardware. At the lesion site,
metal hardware causes artifacts that preclude their use. One approach to overcome this
complication is to image remote from the site of injury, including adjacent to the hardware
several vertebral segments above the lesion in the spinal cord®2-54 and even using brain
changes as a surrogate for those in the lesion site®> %6, We evaluated FP-DDE two vertebral
segments rostral or caudal to the injury epicenter in subset of animals. The results
demonstrate that measurements rostral to the injury were modestly correlated with those
taken at the injury site. Consequently, these remote measurements were significantly
predictive of functional outcomes, but with markedly less accuracy then at the lesion site.
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These results have implications for long-term follow up in SCI. First, imaging remote from
the lesion site is an alternative in the case of surgical hardware that relates to injury.
However, monitoring the lesion site provides the strongest relationships to subsequent
neurological outcomes, as might be expected. The capability to image near metal hardware
has advanced in recent years®’, and diffusion MRI contrast is also emerging but still in early
stages®®. Further advances and solutions for SCI are needed to overcome these significant
challenges.

FP-DDE has theoretical and practical advantages over existing MRI measures, including
DTI. However, its primary limitation is that it requires alignment of the imaging plane or
spectroscopy voxel with the spinal cord axis, and while this does not pose a substantial
burden for the spinal cord, it must be considered. Even so, the estimates of ADC; are within
10% of their true values with misalignment of up to 18° from the long axis of the spinal
cord>9. Moreover, the single voxel spectroscopic measure is targeted to be a whole-cord
estimate of injury. The advantage is a fully automated and quantitative analysis. In traumatic
injury, the deformation of the cord at the site of injury is often severe and identification of
individual tracts is problematic. However, in focal injuries or other disease of the spinal
cord, the spatial pattern of injury or tract-specific damage has important consequences for
domain-specific impairments. As shown (Fig. 4), filter-probe contrast coupled with an
imaging readout reveals the spatial pattern of injury without contamination by edema.
Although the signal to noise is lower than with DTI, the contrast and specificity it provides
is more critical to assessing axonal injury, which may provide clinical usefulness in
radiologic planning for surgical intervention of the injury. Further in-depth investigations
into the differences and applications in other spinal cord pathologies are needed to address
its clinical potential.

In summary, early FP-DDE measurements show a significant advantage over DTI in
predicting long-term outcome in a preclinical model of SCI, likely due to its close
association with axonal injury and decreased contamination by edema. Furthermore, its use
with acute functional scoring significantly improves prognostic power for long-term
functional outcome in the rat. Use of this technique as an imaging or spectroscopic
technique provides improved prediction of outcomes that shows potential use in both
research and clinical applications of SCI.
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Figure 1. Filter-Probe Diffusion Weighting
(A) The “filter” and “probe” diffusion weighting directions as used in the FP-DDE
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collection scheme (left). By increasing the filter diffusion weighting, tissue outside of the

spinal cord is attenuated prior to sampling diffusion along the spinal cord (right). (B)

Conventional diffusion tensor imaging (DTI; top) employs a single diffusion direction for
each measurement with maps of axial diffusivity (AD) reflecting diffusivity along the white
matter fibers as well as including all tissue around the spinal cord. The filter-probe double
diffusion encoding (FP-DDE; bottom) samples the same diffusion along the spinal cord, but
does so after the filter pulse, resulting in a measurement of parallel diffusivity (ADCy). The
measures of AD and ADC, are analogous, but ADC; maps have removed signals associated

with CSF and edema and other tissue, which improves delineation of the spinal cord.
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Figure 2. Diffusion Data Analysis
Acquisition and analysis scheme for diffusion tensor imaging (DTI), White Matter Tract

Integrity (WMTI), and filter-probe double diffusion encoding (FP-DDE) data demonstrates
slice or voxel placement over the injury epicenter. Subsequent images or spectra are then
corrected and fit to a diffusion equation to produce the parameters presented in this paper.
Note that while FP-DDE analysis is entirely automated as a whole-cord measure, while DTI
and WMTI include a manual region of interest (ROI) drawing step to delineate the spinal
cord from surrounding tissue on the parameter maps.
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Figure 3. Chronic Outcomes Regression Analysis
Regression analyses of acute diffusion measurements with chronic BBB scores demonstrates

the strong association between FP-DDE measurements and chronic functional scores.
Despite the differences in amounts of data needed for fitting, FP-DDE, DTI, and WMTI all

exhibit significance.
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Figure 4. Histological Relationshipswith Diffusion Metrics
Example sham and severe histological sections obtained 30 days post-injury (A) show

staining for cellular markers used in the multiple linear regression. Regression results are
represented by radar plots of the absolute value of the standardized B coefficients for each
histological variable. These illustrate the close relationship between axonal damage (SM132)
and BBB score (B). Acute (green) FP-DDE measures (ADCy, fz) also predict axonal
damage (SM132) (C), whereas acute DTI metrics (FA, AD, RD, MD) and acute WMTI
metrics (AWF, Dy, Dgpar, Deperp) are not strongly associated with any individual pathology
(D, E). In the chronic period (blue), the findings are reversed with, where FA and Da show
strong relationship to axonal damage (SM132), but FP-DDE markers did not.
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Figure5. Filter-Probe Imaging in SCI
At 2 days post-injury, To-weighted hyperintensities demonstrate edema in the injured cords,

but not a clear delineation of spatial extent of injury. Perpendicular weighted DW images
(DWI1 ) also do not readily indicate substantial changes. However, ADC;; maps reveal a
clear injury pattern, with the severely injured rat cord having a low ADCy in the center of the
cord and a rim of high ADC, along the periphery, and complete attenuation of non-cord
signals. The mildly injured animal shows less extensive ADC changes. Composite images
permit simultaneous visualization of the acute injury (red), normal axons (green/yellow),
and no axons (black). In the same animals at 30 days post-injury, no acute axonal injury is
evident. However, a central cystic cavity is present in both mild and severe injuries. The
decreased signal within the severely-injured spared tissue (green) is suggestive of decreased
axonal density and is evident in the histological stains for healthy (SMI31) and injured axons
(SM132).
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