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Abstract
Objective

To investigate the spatiotemporal evolution and predictive properties of intramedullary damage
and midsagittal tissue bridges at the epicenter of a thoracic spinal cord injury (SCI) using MRL

Methods

We retrospectively assessed midsagittal T2-weighted scans from 25 patients with thoracic SCI
(14 traumatic, 11 ischemic) at 1 month post-SCL In 12 patients with SCI, linear mixed-effects
models on serial MRI explored temporal trajectories of quantifiable lesion markers (area,
length, and width) and tissue bridges. Using partial correlation analysis, we assessed associa-
tions between structural lesion characteristics at 1 month post-SCI and recovery at 1 year
postinjury, adjusting for baseline clinical status, age, and sex.

Results

Lesion area decreased by 5.68 mm” (p = 0.005), lesion length by 2.14 mm (p = 0.004), and
lesion width by 0.13 mm (p = 0.004) per month. Width of tissue bridges increased by 0.06 mm
(p =0.019) per month, being similar in traumatic and ischemic SCI (p = 0.576). Smaller lesion
area, length, width, and wider tissue bridges at 1 month post-SCI predicted better recovery at
1-year follow-up.

Conclusions

Over time, the immediate area of cord damage shrunk while the cystic cavity became de-
marcated. Adjacent to the cyst, midsagittal tissue bridges became visible. The width of tissue
bridges at 1 month post-SCI predicted recovery at 1 year follow-up. Measures of lesion area and
tissue bridges early after traumatic and ischemic thoracic SCI therefore allow characterizing the
evolution of focal cord damage and are predictive of recovery in thoracic SCI. Thus, lesion
extent and tissue bridges hold potential to improve diagnosis and patient stratification in
interventional trials.
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Glossary

AIS = American Spinal Injury Association Impairment Scale; ASIA = American Spinal Injury Association; CI = confidence
interval; COV = coeflicient of variation; FA = flip angle; LEMS = lower extremity motor score; SCI = spinal cord injury; TIW =
T1-weighted; T2W = T2-weighted; TE = echo time; TR = repetition time.

Spinal cord injury (SCI) leads to persistent physical deficits
and significant socio-financial consequences.' SCI results ei-
ther from a traumatic incidence (e.g., falls) or nontraumatic
cause (e.g, ischemia).” Interestingly, independent of lesion
etiology, patients with traumatic and ischemic thoracic>* and
cervical* SCI experience a similar clinical recovery. From
a pathophysiologic perspective, both etiologies share com-
mon neurodegenerative processes, such as neuronal cell
death, demyelination, and axonal degeneration.4 However,
the structural changes underlying thoracic SCI and their
prognostic value for clinical recovery are understudied.

MRI is a beneficial tool in clinical diagnostics and prognosis.>®
T2-weighted (T2W) scans from the lesion epicenter have
proven useful in tetraplegic patients to quantify the spatiotem-
poral evolution of the lesion, including intramedullary processes
of edema,’ hemorrhage,7 and spinal cord compression.7‘8 In
addition, it allows determining the extent of midsagittal tissue
bridges, their width being a predictor of functional recovery in
tetraplegic patients.*’

Despite the lack of studies using neuroimaging biomarkers to
predict clinical recovery in paraplegic patients, there is evi-
dence that acute MRI-based lesion characteristics after tho-
racic SCI relate to the American Spinal Injury Association
(ASIA) Impairment Scale (AIS) grade at discharge.'” How-
ever, in patients with thoracic SCI it remains unknown how
the intramedullary damage evolves over time and whether
subacute measures of lesion size and midsagittal tissue bridges
can be used to predict recovery. Therefore, we planned to
assess the spatiotemporal change of lesion extent and in-
vestigated associations between the latter at 1 month post-SCI
and long-term outcome after traumatic and ischemic tho-
racic SCL

Methods

Experimental design

In this retrospective study, we included 25 patients with
subacute thoracic SCI (14 traumatic and 11 ischemic) who
were admitted consecutively to the Balgrist University Hos-
pital (Zurich, Switzerland) between July 2005 and December
2016 (table 1). All patients with traumatic injury underwent
surgical decompression. We used data from 12 patients (7
traumatic and S ischemic) who had MRI follow-ups for
assessing the trajectories of MRI lesion measures within the
first 2 years post-SCL. Twenty-one patients with SCI had
a baseline MRI scan within the first 2 months post-SCI and
clinical assessments at 1 month and 1 year postinjury. These
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data were used to evaluate associations between subacute
lesion measures and clinical outcome measures at follow-up.

In this study, we only included patients with a clearly visible
lesion on the midsagittal T2W scan. We excluded patients
with preexisting neurologic or mental disorders or brain
lesions, as well as patients with MRI contraindications.

Standard protocol approvals, registrations,
and patient consents

The local ethics committee approved the study protocol (EK-
2010-0271) and all patients with SCI gave informed, written
consent prior to study enrollment.

Clinical assessments

The clinical examination included the lower extremity motor
score (LEMS), light touch scores, and pinprick scores of the
International Standards for the Neurological Classification of
Spinal Cord Injury protocol'' (table 2). Using these clinical
measures, patients were classified as AIS A (i.e.,, complete injury),
AIS B-D (ie., incomplete injury), or AIS E (ie., no functional
impairment) according to the ASIA Impairment Scale.

Image acquisition

The MRI protocol consisted of standard sagittal T'1-weighted
(T1W), sagittal T2W, and axial T2W clinical scans obtained at
the lesion site, of which the sagittal T2W scans were the only
ones used for analysis. Several field strengths were used (table
1). Of 25 patients, 19 patients were scanned exclusively at 1.5T.
Three patients were scanned with a 3T MRI scanner only and 3
patients had both a 1.5T and a 3T MRI scanner during their
longitudinal data acquisition. Of the 22 patients scanned with
a 1.5T MRI scanner, 17 were scanned with a 1.5T Magnetom
Avanto (or the updated Avantoﬁt) scanner, 1 with a 1.5T
Magnetom Espree scanner, 1 with a 1.5T Magnetom Sym-
phony scanner (all Siemens Healthcare, Erlangen, Germany),
and 1 with a 1.5T Signa HDxt scanner (GE Medical Systems,
Waukesha, WI). One patient was scanned with both the
Magnetom Avanto and the Magnetom Espree scanner, and 1
patient with both the Magnetom Avanto and the Signa HDxt
scanner. Of the 6 patients scanned at 3T, S patients were
scanned with the 3T Magnetom Skyra (or the updated Skyra™)
MRI scanner, and 1 with a 3T Magnetom Verio MRI scanner
(both Siemens Healthcare). A 32-channel receive spine coil
integrated in the table was used with all scanners. The following
values were used for the repetition time (TR), echo time (TE),
and flip angle (FA) of the different clinical sequences: sagittal
T1W (for 1.5T: TR 542 ms, TE 11 ms, FA 143°; for 3T: TR
553 ms, TE 10 ms, FA 160°), sagittal T2W (for 1.5T: TR 4,082
ms, TE 105 ms, FA 149°; for 3T: TR 4,338 ms, TE 94 ms, FA
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Table 1 Epidemiologic and radiologic data for all study participants

MRI measures at 1 month

Age at First scan, months Magnetic field Lesion Lesion Lesion Total tissue
ID injury, y Sex Etiology postinjury strength area, mm? length, mm width, mm bridges, mm
1 35 F T 0.8 1.5T 63.15 14.14 7.53 0
2 30 F T 0.4 1.5T 174.84 41.25 7.02 0
3 29 M T 1.4 3T 413.78 45.04 14.12 0
4 71 M | 1.9 1.5T 478.27 117.23 8.16 0
5 32 M T 0.4 1.5T 372.80 71.77 7.71 0.41
6 66 M | 1.2 3T 162.77 80.69 3.67 0.64
7 27 M T 0.9 1.5T 275.30 88.00 5.80 1.37
8 75 M | 1.9 1.5T 12713 41.87 4.37 0.73
9 23 F T 1.0 1.5T 90.53 18.52 6.35 1.59
10 31 M | 2.0 1.5T 22.95 6.51 4.79 1.03
1" 73 M | 0.6 1.5T 35.35 11.00 4.58 1.53
12 73 M T 1.4 1.5T 22.03 16.46 4.21 343
13 67 F T 1.8 1.5T 8.71 5.00 2.87 3.80
14 71 M | 2.0 1.5T/3T 78.78 56.00 2.40 4.45
15 76 M | 0.8 1.5T 92.50 83.47 2.32 4.74
16 70 M T 0.4 1.5T 162.48 64.47 4.06 0.69
17 59 F | 1.7 1.5T 34.22 19.92 3.40 1.57
18 57 M | 0.4 3T 113.12 39.74 6.00 1.79
19 30 M T 1.2 1.5T 178.53 82.21 437 1.90
20 72 M T 1.8 1.5T 28.45 14.97 2.69 241
21 38 F | 0.6 1.5T/3T 18.36 9.35 2.55 3.11
22 44 F | 1.1 1.5T 33.96 21.64 212 4.15
23 24 F T 0.4 1.5T 10.92 10.99 1.12 4.35
24 36 F T 1.3 1.5T NA NA NA NA
25 71 F T 0.4 1.5T 10.44 7.21 2.27 4.65

Abbreviations: | = ischemic; NA = not available; T = traumatic.
2 The patient whose baseline scan is missing.

156°), and axial T2W (for LST: TR 4,713 ms, TE 105 ms, FA
145° for 3T: TR 4,698 ms, TE 97 ms, FA 158°). Readout
bandwidth was increased to reduce metal artifacts for the different
sequences: sagittal TIW and T2W (for 1.5T: 415 Hz/pixel; for
3T: 751 Hz/pixel) and axial T2W (for 1.5T: 330 Hz/pixel; for
3T: 781 Hz/pixel). The spatial resolutions for the 1.5T and 3T
scanners were 0.55 x 0.55 x 2.75 mm and 0.57 x 0.57 x 2.75 mm,
respectively.

Image analysis

Intramedullary damage, edema, and hemorrhage manifest as
changes of signal intensity on T2W scans. These sagittal T2W
scans were considered for the qualitative analysis of edema or
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hemorrhage by an experienced radiologist (R.S.) prior to le-
sion identification and characterization. MRI scans with in-

sufficient image quality or lesion visibility due to metal
artifacts were excluded.

Two raters (D.P. and E.H.) were blinded to patient identity and
scan time point prior to segmentation. The midsagittal slice of
all sagittal T2W slices was identified for every patient and scan
time point. We used Jim 7.0 software (Xinapse Systems, Ald-
wincle, UK) to quantitatively assess the total midsagittal lesion
area, rostro-caudal lesion length, anterior-posterior lesion
width, and the total width of tissue bridges (sum of ventral and
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Table 2 Clinical data for all study participants

ISNCSCI Outcome measures at 1 month/1 year
1D AIS at 1 month/1 year Initial site of impairment, motor/sensory LEMS Light touch Pin prick
1 A/A L1/L3 15/19 92/94 88/94
2 A/A T8/T8 0/0 67/69 64/67
3 A/A T10/T10 10/16 86/82 88/78
4 A/A T/T11 0/0 73174 72172
5 A/A T3/T3 0/0 58/56 47/56
6 A/A T1/T11 0/0 74178 74/78
7 A/A T8/T8 01 72/74 75/76
8 c/C T7/T7 4/7 97/97 56/82
9 C/C L2/L2 13/22 108/112 101/104
10 C/D T4/T4 9/50 79/99 58/88
1" C/D T12/T12 2/49 96/98 93/95
12 C/D L1/L1 9/47 107/112 103/112
13 C/D L1/L2 41/47 111/106 107/108
14 C/D T10/T10 43/50 88/97 72/80
15 C/D T7/T7 12/37 108/112 85/112
16 D/D T6/T6 50/NA 112/NA 83/NA
17 D/D T10/T10 41/45 93/108 81/96
18 D/D T3/T3 29/50 82/82 45/54
19 D/D T12/T12 48/NA T11/NA 1T11/NA
20 D/D T12/T12 45/NA 95/NA 79/NA
21 D/D T6/T6 50/50 97/95 112/112
22 D/D T9/T9 50/50 88/88 64/92
23 D/D L2/L4 17/50 109/107 107/110
247 D/D L1/L3 33/42 106/105 106/105
25 D/E T4/T4 46/50 78/112 87/112

Abbreviations: AlS = American Spinal Injury Association Impairment Scale; ISNCSCI = International Standards for Neurologic Classification of Spinal Cord

Injury; LEMS = lower extremity motor score; NA = not available.
@ The patient whose baseline scan is missing.

dorsal tissue bridges) as imaging measurers on the midsagittal
T2W images for all time points (figure 1A) 5 The raters defined
spared tissue bridges (likely including not only functional but
also necrotic and glial scar tissue) within the spinal cord as the
hypointense regions between the relatively hyperintense
regions representing the intramedullary lesion cavity on one
side and the CSF on the other side. Figure 1, B and C, shows
sagittal (first column) and axial (second column) images of
a patient with chronic traumatic and chronic ischemic SCI. The
cystic cavities are marked by the red arrows.

Intraobserver and interobserver reliability were calculated
for all imaging measures in 7 randomly selected scans. The
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corresponding coefficients of variation (COV) were 5.3%
for the intraobserver reliability and 7.0% for the in-
terobserver reliability, which were a bit higher compared to
the intraobserver and interobserver COV (4.3% and 5.2%,
respectively) of the Huber et al.® study with tetraplegic
patients.

Statistical analysis

We used Stata software (version 14; StataCorp LP, College
Station, TX) and paired 1-tailed f tests to investigate the
functional recovery (i.e, light touch score, pinprick score, and
LEMS) over 1 year postinjury. We applied a one-way analysis
of varjance followed by a Bonferroni post hoc test for pairwise
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Figure 1 T2-weighted (T2W) midsagittal MRI slices at the thoracic lesion site

A. Lesion segmentation

Sagittal

(A) Schematic lesion segmentation including a typical T2W
midsagittal slice, which is overlaid with a schematic drawing of
the quantitative MRl measures analyzed (lesion area [LA], lesion
length [LL], lesion width [LW], ventral midsagittal tissue bridges
[VB], and dorsal midsagittal tissue bridges [DB]). (B, C) Repre-
sentative sagittal and axial images of a patient with traumatic
SCI (B) and a patient with ischemic SCI (C) in the chronic phase.
The arrows mark the intramedullary cystic cavity.

comparison of AIS A, AIS C, and AIS D patients regarding their
structural imaging characteristics (i.e., lesion area, lesion length,
lesion width, and width of midsagittal tissue bridges) at base-
line. Unpaired 2-tailed ¢ tests were used to compare these lesion
characteristics at baseline between patients with traumatic and
ischemic SCIL

Linear mixed-effects models were used to calculate the rates of
change over time for the lesion area (n = 12), lesion length (n =
12), lesion width (n = 12), and the width of midsagittal tissue
bridges (n = 11) and to investigate differences in time course of
MRI changes between patients with traumatic and ischemic
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paraplegic SCI. Age and sex were included as a fixed effect and
between-patient variability and time since injury as random
effects. p Values are reported in the Results and in table 3.

We used partial correlation analysis to investigate the asso-
ciations between quantitative structural characteristics at 1
month postinjury and functional recovery at 1 year follow-up
(n = 21). Lesion measures of all patients were used in the
model to describe the associations between imaging measures
(ie., lesion area, lesion length, lesion width, and width of
tissue bridges) and clinical outcomes (i.e., LEMS, light touch
score, and pinprick score). The regression models were
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Table 3 Linear mixed-effects models to illustrate structural changes at the lesion epicenter over the time course of 2

years
MRI parameter N p Value Standardized regression coefficient (95% CI)
Lesion area 12 0.005°7 =-5.675 (-9.606 to —1.744)

Lesion length 12 0.004? -2.135(-3.587 to —0.683)

Lesion width 12 0.004? -0.133 (-0.224 to -0.043)

Midsagittal tissue bridges 11 0.019° 0.060 (0.010 to 0.111)

Abbreviation: Cl = confidence interval.

N indicates the number of participants used in the models. Models are adjusted for age and sex.
2p <0.01.

®p < 0.05.

adjusted for age, sex, and clinical baseline scores (ie. 1 Results

month) and the potential confounders were only retained if o . . .

the covariates were significant or if they had a substantial ef- Clln.lcal, Fpldemlomg_'c'. and
fect on the partial correlation coefficient of interest. These ~ radiologic characteristics

coeficients from the regression analysis and the p values are Twenty-five patients (14 traumatic and 11 ischemic) had tho-
reported in the Results and in table 4. racic SCI (15 men, age [mean + SD] 51.20 + 20.07 years). The

time interval between injury and baseline scan (ie., 1-month
Results were regarded as significant when the p values were scan) was 33.21 + 17.56 days. However, 1 patient did not have
smaller than 0.05. Only significant results are reported and @ baseline scan (indicated by * in tables 1 and 2). During the

nonsignificant results with a trend (p < 0.1) are discussed. course of the first year post-SCI, patients recovered by 4 + 9
points (from 90 to 94 points) on the light touch score (p = 0.023,

n =22),by 9+ 11 points (from 81 to 90 points) on the pinprick

Data availability score (p < 0.001, n = 22), and by 12 * 15 points (from 19 to 31)
Anonymized grouped data will be shared by request from  onthe LEMS (p < 0.001, n = 22). Notably, clinical data at 1 year
a qualified investigator. post-SCI were missing for 3 patients (table 2).

Table 4 Partial correlation models to predict clinical outcome at 1 year with quantitative imaging measures at 1 month

Clinical measure at 1 year follow-up MRI measure at 1 month N p Value r Standardized regression coefficient (95% CI)
LEMS Lesion area 21 0.0027 -0.639 -0.082 (-0.130 to —0.033)
Lesion length 21 0.005° -0.620 -0.337 (-0.555 to —0.119)

Midsagittal tissue bridges 21 0.022° 0.508 5.851 (0.933 to 10.769)

Light touch score Lesion area 21 0.010? -0.561 -0.044 (-0.076 to -0.012)
Lesion length 21 0.029° -0.502 -0.159 (-0.299 to -0.019)
Lesion width 21 0.077 -0.405 -1.326 (-2.809 to 0.156)
Midsagittal tissue bridges 21 0.082 0.398 2.395(-0.339 to 5.129)

Pinprick score Lesion area 21 0.001¢ -0.677 -0.054 (-0.082 to -0.025)
Lesion length 21 0.040° -0.475 -0.160 (-0.312 to -0.008)
Lesion width 21 0.002° -0.658 -2.115 (-3.321 to -0.908)
Midsagittal tissue bridges 21 0.004° 0.610 3.958 (1.413 to 6.504)

Abbreviations: CI = confidence interval; LEMS = lower extremity motor score.

N indicates the number of participants used in the models and r indicates the partial correlation coefficient. Models are adjusted for age, sex, and clinical
baseline scores at 1-month.

ap<0.01.

bp <0.05.

¢p <0.001.
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Seven patients were classified as AIS A and 18 as AIS C or D at
baseline. At 1 year post-SCI, the same 7 patients were classified
as AIS A, 6 patients improved from AIS C to AIS D, and 1
patient from AIS D to AIS E (table 2). At 1 month postinjury,
AIS A patients (n = 7) showed a lesion area of 277.3 +
151.4 mm?, a lesion length of 65.4 + 34.4 mm, a lesion width of
7.7 £ 3.2 mm, and a width of midsagittal tissue bridges of 0.3 +
0.5 mm. AIS C (n=8) and AIS D (n = 9) patients had a lesion
area of $9.7 + 42.9 mm? and 65.6 + 67.1 mm?, a lesion length of
29.9 + 28.1 mm and 30.1 £ 26.7 mm, a lesion width of 4.0 +
1.4 mm and 3.2 + 1.5 mm, and a width of tissue bridges of 2.7 +
1.6 mm and 2.7 £ 1.4 mm, respectively. There was an overall
difference in lesion area (p < 0.001), lesion length (p = 0.046),
lesion width (p < 0.001), and width of midsagittal tissue bridges
(p = 0.002) at baseline among AIS A, AIS C, and AIS D
patients. Pairwise subgroup comparisons showed that AIS A
patients had a greater lesion area (AIS A vs C: p = 0.001, AIS A
vs D: p = 0.001), lesion length by trend (AIS A vs C: p = 0.090,
AISAvsD: p=0.081), lesion width (AIS Avs C: p = 0.007, AIS
A vs D: p = 0.001), and a smaller width of midsagittal tissue
bridges (AIS A vs C: p = 0.007, AIS A vs D: p = 0.005) at 1
month post-SCI compared to AIS C and D patients. However,
for none of the imaging measures was there a difference be-
tween AIS C and AIS D patients (lesion area: p = 1.000, lesion
length: p = 1.000, lesion width: p = 1.000, tissue bridges: p =
1.000) at that time point. At 1 month postinjury, there was no
difference in lesion area (traumatic: 139.4 + 1403 mm?

ischemic: 108.9 + 131.5 mm’, p = 0.590), lesion length (trau-
matic: 36.9 + 30.3 mm, ischemic: 44.3 + 36.3 mm, p = 0.593),
lesion width (traumatic: 5.4 + 3.4 mm, ischemic: 4.0 + 1.8 mm,
p = 0.244), or width of tissue bridges (traumatic: 1.9 + 1.7 mm,
ischemic: 2.2 £ 1.7 mm, p = 0.704) between patients with
traumatic and ischemic SCL

Twenty of 24 patients had midsagittal tissue bridges with an
average width of 2.0 £ 1.7 mm at 1 month post-SCI. From 7
AIS A patients, 4 had no tissue bridges at 1 month, and 3 had
residual tissue bridges at that time point (table 1). Minor
edema was found in 7 patients and minor hemorrhage in 1
patient.

Time course of lesion characteristic changes at
the focal injury site

In the 12 patients with SCI who had longitudinal follow-up
scans, lesion area decreased by 5.68 mm’ per month
(p = 0.00S, n = 12, 95% confidence interval [CI] -9.606 to
1.744 mm®), lesion length declined by 2.14 mm per month
(p = 0.004, n = 12, 95% CI -3.587 to 0.683 mm), lesion
width decreased by 0.13 mm per month (p = 0.004, n = 12,
95% CI —0.224 to 0.043 mm), and the width of midsagittal
tissue bridges increased by 0.06 mm per month (p =0.019, n
=11,95% CI10.010 to 0.111 mm) (figure 2 and table 3). The
spatiotemporal evolution of the MRI measures did not differ
between the traumatic and ischemic patient group (lesion

Figure 2 Spatiotemporal changes of the lesion at the focal injury site
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area: p = 0.318, lesion length: p = 0.863, lesion width:
p = 0.683, width of midsagittal tissue bridges: p = 0.576).

Associations between lesion extent at 1 month
and clinical recovery at 1 year

Wider midsagittal tissue bridges at 1 month post-SCI were as-
sociated with better LEMS (p = 0.022, n = 21, r = 0.508) and
pinprick scores (p = 0.004, n =21, 7= 0.610) at 1 year postinjury.
Furthermore, wider midsagittal tissue bridges were associated by
trend with better light touch scores (p = 0.082,n =21, 7= 0.398).
Smaller lesion area and lesion length at 1 month were associated
with better LEMS (lesion area: p = 0.002, n = 21, r = —0.639;
lesion length: p = 0.005, n = 21, r = —0.620), light touch scores
(lesion area: p = 0.010, n = 21, r = —0.561; lesion length: p =
0.029, n = 21, r = —0.502), and pinprick scores (lesion area:
p=0.001,n=21,r=-0.677; lesion length: p = 0.040,n = 21,7 =
—0.475) at 1 year post-SCL. Smaller lesion width at 1 month was
related to better pinprick scores (p = 0.002, n = 21, r = —0.658)
and by trend to better light touch scores (p = 0.077,n =21, r =
—0.405) at 1 year (figure 3 and table 4).

Discussion

This study is the first showing the spatiotemporal evolution of
intramedullary damage and the associations between struc-
tural lesion characteristics and clinical recovery in patients
with subacute thoracic SCI. While the lesion size decreased
over time, subtle increases in the size of midsagittal tissue
bridges paralleled patients’ recovery. Specifically, smaller le-
sion size and greater width of midsagittal tissue bridges at 1
month post-SCI predicted better long-term clinical recovery.
Interestingly, over time intramedullary lesion changes are
similar between patients with traumatic and ischemic SCL

Time course of lesion characteristic changes at
the focal injury site

In the 12 patients with serial follow-up scans, lesion area, lesion
length, and lesion width decreased over time. The observed
time course of these MRI measure changes at the focal injury
site could be attributed to a removal of myelin debris and
axonal fragments.*'> Midsagittal tissue bridges, on the other

Figure 3 Associations between quantitative structural characteristics at 1 month and functional recovery at 1 year
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hand, showed signs of recovery in terms of increasing width
over time. However, the increasing width of tissue bridges
might be caused by a better imaging resolution and therefore
more exact measures of tissue bridges over time (i.e., follow-up
scan with 3T compared to baseline scan with 1.5T) in some of
the patients. In addition, there is a small chance that the lesions
are slightly overestimated and the tissue bridges under-
estimated at 1 month postinjury as we cannot be completely
sure that hemorrhage and edema are fully resolved in those
patients with a relatively early baseline scan. Nevertheless,
remaining signs of hemorrhage and edema were small and in
general, lesion borders were clearly identifiable, thus allowing
a precise characterization of the lesion extent at 1 month post-
SCI and of structural changes over time.>'®

Interestingly, for none of the imaging measures at the lesion
epicenter was there a significant difference at baseline and in
change over time between the traumatic and the ischemic pa-
tient group. The etiology in this study cohort thus does not seem
to have a substantial influence on the disease course and the
neurologic recovery trajectory.® These results are supported by
previous studies, in which patients with traumatic and ischemic
SCI were shown to have similar neurologic deficits, rates of
recovery, and rehabilitative potential.3’4 These analogies are
likely driven by similar underlying molecular and structural
changes postinjury that traumatic and ischemic lesions have in
common.” At the epicenter of the lesion, these include cell death,
hemorrhage, inflammation, ischemic dysfunction, and oxidative
stress,"* consequently leading to axonal and neuronal deficit and
ultimately resulting in the formation of a cystic cavity.">™*

With respect to the lesion level, our finding of increasing
midsagittal tissue bridges over time is in contrast to what has
been observed in cervical SCI,® where the size of tissue bridges
remained unchanged during the first year after injury. How-
ever, in the latter study, only patients with traumatic SCI and
different scanning time points were used as structural changes
up to 1 year after injury were investigated in comparison to 2
years and the mixture of patients with traumatic and ischemic
injury in this study. Furthermore, the MRI signal-to-noise
ratio is better within the cervical cord (e.g., lower artifacts due
to metal implants). This makes it difficult to compare the
temporal evolution of the imaging measures between cervical®
and thoracic SCI. In addition, patients with tetraplegic and
paraplegic SCI vary in terms of different anatomical (e.g., gray
to white matter ratio) and functional properties of the cervical
and the thoracic spinal cord.">' The injury courses and
therefore also the temporal changes of the lesion character-
istics as well as the treatment response and the prediction of
neurologic outcome of these 2 patient groups are thus likely to
differ.** In fact, thoracic injuries were shown to have specific
mechanical and physiologic properties because of a distinctive
vascular supply and energy effect needed for an injury ap-
pearance, which are different from cervical injuries.23’24 So far,
to our knowledge, no studies have shown differences in
postinjury interventions and treatments depending on the
neurologic level of injury. However, our findings highlight the
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importance and necessity to further investigate the micro-
structural and macrostructural changes underlying thoracic
lesions for a better understanding of the similarities and dif-
ferences between cervical and thoracic SCI regarding the
pathology, therapeutic treatment, and clinical outcome.

Associations between lesion extent at 1 month
and clinical recovery at 1 year

Prediction of individual trajectories of functional recovery after
SCl is challenging due to its molecular and structural hetero-
geneity”> and due to the limited prognostic value of lesion level
and severity assessment,”**” clinical examinations (for example,
ASIA scores),” and electrophysiologic measurements.”** Cru-
cially, neuroimaging biomarkers of lesion size and tissue bridges
at 1 month post-SCI were predictive of clinical outcome at 1
year follow-up, independent of baseline clinical status. In gen-
eral, the width of midsagittal tissue bridges was higher with less
severe AIS grade (i.e, more severely injured patients had
a greater lesion size and smaller midsagittal tissue bridges) at 1
month after the injury and this is in agreement with tetraplegic
patients.® Specifically, at 1 month post-SCI, AIS A patients
showed a significantly greater lesion extent and a smaller width
of tissue bridges than AIS C and D patients. However, patients
with an AIS grade C did not differ from patients with an AIS
grade D. This is what we expected, as both AIS C and D
patients are motor incomplete with preserved motor function
below the neurologic level.'' Interestingly, the level of
remaining muscle function in motor incomplete thoracic SCI
thus seems not to be profoundly determined by the lesion
extent visible on MRI. However, a potential correlation might
also be confounded by imaging inaccuracies (e.g., resolution,
signal-to-noise ratio) or parasagittal tissue bridges. The age- and
sex-independency of the size and location of tissue bridges
suggests that the injury mechanisms are more prominent
determinants of spared tissue than the demographics of the
patients with SCI. Interestingly, 3 out of 7 AIS A patients had
midsagittal tissue bridges at 1 month postinjury. However, this
might be necrotic or glial scar tissue and not represent spared
tissue including functional fibers. Further motor and sensory
electrophysiologic studies need to determine the functional role
of spared tissue adjacent to the intramedullary damage.

Huber et al.® tested the potential functionality of spared
afferent and efferent fibers after SCI in tetraplegic patients.
They reported a preserved information flow using electro-
physiologic recordings and observed associations between
subacute lesion measures and clinical outcome at 1 year. In
addition, Hupp et al.* depicted electrophysiologic measures
(e.g., motor and sensory evoked potentials) as clinical pre-
dictors of functional recovery in patients with traumatic
cervical SCIL. These findings are linked to the relations of
smaller lesion size and larger width of tissue bridges to better
long-term clinical recovery reported for patients with tho-
racic SCI in this study. The observed recovery of these
patients with thoracic SCI is likely mediated by spared white
matter fibers and dependent on the location and extent
thereof.””***' On the other hand, tract specificity and size of
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the lesion determine the type and magnitude of clinical
impairment and just recently, lateral corticospinal tract
damage has been shown to correlate with motor output in
patients with incomplete SCL>* As smaller lesions probably
lead to less neuronal damage and axonal degeneration in the
spinal cord, fewer fibers of upper or lower motoneurons are
likely to be affected,® which might keep the compensatory
potential on a higher level. Spared motor or sensory path-
ways, even silent ones (i.e., no clinical evidence of fiber tract
function) in clinically complete SCI,>* may contribute to
improved treatment-induced* or spontaneous®®*” recovery
in chronic SCI. A prominent hypothesis is that the recovery
process might be driven by underlying plastic adaptations
and changes of intact fibers after the injury.*® Preclinical
studies indeed showed that such SCI-induced changes can
be observed within the reticulospinal tract,>>*°
spinal tract,>' 7%
ated with functional recovery.*'***® Spontaneous repair of
damaged spinal tracts, on the other hand, is limited in ani-
mals* and nearly absent in humans.*®

the cortico-
and intraspinal circuits™” and are associ-

By which mechanisms the observed recovery of the patients in
our study is driven remains unanswered. However, the reported
relation of smaller lesion size and larger width of tissue bridges
to better long-term clinical recovery suggests functionally intact
tract fibers as a mediator of recovery, the magnitude of the latter
being dependent on the lesion extent.

The current study has some limitations. First, this is a retro-
spective monocentric study with specific inclusion criteria, which
may have led to a selection bias. Even though this produced
a homogeneous dataset, it may not reflect the general SCI
population. In addition, men and women were not equally
represented in our patient group. However, male and female
patients of the general SCI population are not equally distributed
either, with an actual male/female ratio of 4:1.** Second, in
comparison to Huber et al,® the intraobserver (5.3% vs 4.3%)
and interobserver (7.0% vs 5.2%) COV were slightly higher.
Nevertheless, they are notably low and therefore reflect an ac-
curate and reliable method of manual lesion segmentation.
Third, assessment of tissue bridges on T2W axial slices was not
possible due to the low spatial resolution. Instead, the lesion size
and tissue bridges could be investigated in the midsagittal plane
and even in the presence of metal artifacts near the lesion site.
This does not include parasagittal lesion parts and does not
reflect the 3D shape of the damage. However, this would be
necessary for precise correlations between specific tracts and the
corresponding functions (ie., descending motor tracts and as-
cending sensory tracts) and should, together with a separate
analysis of ventral and dorsal tissue bridges, be addressed in
future studies. In addition, functional electrophysiologic assess-
ments could complement the imaging and clinical information
about lesion completeness and sparing of fiber tracts. Note that
there was no baseline scan for one patient and clinical data at
1-year follow-up was not available for 3 patients, reducing the
number of patients used for outcome prediction from 25 to 21.
Finally, the sample sizes of patients with traumatic and ischemic
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injury should be increased in future studies investigating the
neurologic and functional similarities of these 2 SCI patient
groups differing in etiology. We next aim to embark on multi-
center studies to validate our findings in a greater cohort. Further
steps to increase the prognostic value could be stratification of
patients according to their AIS grade or lesion level, follow-up
scans during the acute and subacute stage after injury,8 and the
investigation of macrostructural and microstructural changes
remote from the injury with advanced quantitative MRL*

This study shows the spatiotemporal dynamics of intra-
medullary damage in subacute thoracic SCI using longitudinal
MRI assessments during the first 2 years after SCI. We show
that analysis of structural lesion characteristics acquired at the
lesion epicenter using conventional MRI in thoracic SCI in the
subacute phase provides a basis to compare the natural evo-
lution of intramedullary lesion changes between patients with
traumatic and ischemic injury. Moreover, the assessment of
midsagittal tissue bridges reliably predicts functional recovery
after traumatic and nontraumatic SCIL. The measures of lesion
severity and tissue preservation early after thoracic injury fur-
thermore hold promise to be implicated as accurate and reliable
neuroimaging biomarkers for the diagnostic workup and pa-
tient stratification for both subacute and chronic clinical trials.
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