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Abstract

Literature examining magnetic resonance imaging (MRI) in acute spinal cord injury (SCI) has focused on cervical SCI.
Reproducible systems have been developed for MRI-based grading; however, it is unclear how they apply to thoracic SCI.
Our hypothesis is that MRI measures will group as coherent multivariate principal component (PC) ensembles, and that
distinct PCs and individual variables will show discriminant validity for predicting early impairment in thoracic SCI. We
undertook a retrospective cohort study of 25 patients with acute thoracic SCI who underwent MRI on admission and had
American Spinal Injury Association Impairment Scale (AIS) assessment at hospital discharge. Imaging variables of axial
grade, sagittal grade, length of injury, thoracolumbar injury classification system (TLICS), maximum canal compromise
(MCC), and maximum spinal cord compression (MSCC) were collected. We performed an analytical workflow to detect
multivariate PC patterns followed by explicit hypothesis testing to predict AIS at discharge. All imaging variables loaded
positively on PC1 (64.3% of variance), which was highly related to AIS at discharge. MCC, MSCC, and TLICS also
loaded positively on PC2 (22.7% of variance), while variables concerning cord signal abnormality loaded negatively on
PC2. PC2 was highly related to the patient undergoing surgical decompression. Variables of signal abnormality were all
negatively correlated with AIS at discharge with the highest level of correlation for axial grade as assessed with the Brain
and Spinal Injury Center (BASIC) score. A multiple variable model identified BASIC as the only statistically significant
predictor of AIS at discharge, signifying that BASIC best captured the variance in AIS within our study population. Our
study provides evidence of convergent validity, construct validity, and clinical predictive validity for the sampled MRI
measures of SCI when applied in acute thoracic and thoracolumbar SCI.

Key words: BASIC; MRI; spinal cord injury; thoracic; T2 hyperintensity; TLICS

Introduction

ACUTE TRAUMATIC SPINAL CORD INJURY (SCI) involving the
thoracic and thoracolumbar spinal cord is considerably less
common than cervical SCI with approximately 10% of SCI in-
volving the thoracic spine and another 6% involving the cervi-
cothoracic or thoracolumbar junctions.! Most of the literature
examining MRI findings in acute traumatic SCI have focused on the
more common injury to the cervical spinal cord with relatively little
attention given to acute SCI caudal to the cervical level.>> Ana-
tomic and functional distinctions are significant between the cer-
vical and more caudal spinal cord segments, suggesting imaging
evaluation may, in fact, be level specific.?*>

Since the widespread adoption of magnetic resonance imaging
(MRI) in evaluating the spinal cord in the acute setting, there have been
numerous studies examining the prognostic value of MRI in acute
cervical spinal cord trauma.”>7*11-232627 The majority of these
studies have focused on the longitudinal extent of T2 signal abnor-
mality in the sagittal plane or secondary markers of SCI, such as canal
and spinal cord compression in the cervical spine.>>>7911-23.26-29 Tpe
internal architecture of the spinal cord, however, including the pre-
dominant longitudinal orientation of functionally important ascending
and descending white matter tracts, would suggest that the transverse
extent of injury should be a strong predictor of clinical outcome; this
hypothesis has been corroborated by pre-clinical and, more recently,
human studies.*3%
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University of California San Francisco and San Francisco General Hospital, San Francisco, California.
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MULTIDIMENSIONAL MRI ANALYSIS FOR THORACIC SCI

A number of reproducible systems have been developed for MRI-
based grading in acute SCI. The most recent addition is a grading
system for the axial plane, termed the Brain and Spinal Injury Center
(BASIC) score.* The BASIC score can be used in combination with
other measures, including a commonly used sagittal grading system,
the longitudinal extent of T2 signal abnormality, maximum canal
compromise (MCC), maximum spinal cord compression (MSCC),
and the thoracolumbar injury classification system (TLICS). With
the exception of TLICS, these injury classification systems were
initially developed for the more common cervical SCI but could have
prognostic value throughout the spinal axis. In this study, we aim to
evaluate the application of the various MRI grading systems in the
setting of acute thoracic SCI.

We applied multidimensional data-driven analytics to the full set
of imaging classifications to assess validity of these MRI metrics
for thoracic SCI. Our hypothesis is that the BASIC score and the
other MRI measures of SCI will group together as coherent mul-
tivariate principal component (PC) ensembles, and that distinct PCs
(PC1, PC2, etc.) will show discriminant validity for predicting
distinct impairment patterns in thoracic and thoracolumbar SCI at
the time of patient discharge.

To test this hypothesis, we performed an analytical workflow of
data-driven discovery to detect multivariate PC patterns followed by
explicit hypothesis testing of whether the PCs and the individual
MRI measures predict neurologic impairment at discharge. Multi-
dimensional data-driven analytics (i.e., nonlinear PC analysis [NL-
PCA]) were applied to explore the multivariate clustering among
various MRI measures to determine their convergent validity and
discriminant validity.

Linear mixed modeling (LMM) was then applied to assess the
relationship of these ensemble MRI measures with the degree of
neurologic impairment measured by the American Spinal Injury As-
sociation (ASIA) Impairment Scale (AIS) at hospital discharge.3 6.37
The results provide evidence of face validity, convergent validity,
discriminant validity, construct validity, and clinical predictive
validity for multiple MRI measures when applied in acute
thoracic SCI.

Methods
Study cohort

We performed an Institutional Review Board and Health In-
surance Portability and Accountability Act compliant retrospective
cohort study evaluating patients who presented to a Level I trauma
center between 2005 and 2012 with acute thoracic or thoracolumbar
SCI. Patients were identified using a Department of Neurological
Surgery database compiled of patients with a principal diagnosis
of SCI (International Classification of Diseases codes 952-957).

Inclusion criteria were: (1) age 218 years, (2) thoracic and/or
lumbar spine MRI including at minimum sagittal and axial T2 im-
aging, and (3) documented clinical assessments including AIS at
admission and discharge. Exclusion criteria were (1) surgical de-
compression and/or fusion before MRI, (2) MRI that was too degraded
by motion or other artifact such that images were nondiagnostic as
assessed by an attending neuroradiologist, (3) cervical spinal cord
injury, and (4) injuries primarily involving the conus medullaris or
cauda equina nerve roots, (5) pre-existing hardware.

Twenty-five patients met inclusion and exclusion criteria.
Clinical data collected included patient age, sex, AIS grade at
discharge, time to MRI, time to discharge, mechanism, and whether
surgical decompression was performed before hospital discharge
(Table 1). All patients in the study cohort had a principal diagnosis
of SCI and underwent our institutional SCI treatment protocol. The
five patients classified as AIS grade E on formal admission
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examination had documented symptoms of truncal/lower extremity
sensory deficits and/or had documentation of motor weakness in the
field. These deficits had resolved AT neurological examination on
admission and therefore qualify as AIS grade E.

MRI

All MRI were acquired on a 1.5 Tesla GE Genesis Signa HDxt
scanner, software version 15 (GE Healthcare, Milwaukee, WI).
Routine trauma protocol thoracic spine MRIs were performed in-
cluding at minimum sagittal T1 and T2 fast spin echo (FSE) se-
quences and axial T2 FSE sequences. For sagittal T1 imaging, the
following parameters were used: slice thickness =3 mm; time to
repetition (TR)=between 520 msec and 630 msec; time to echo
(TE)=Dbetween 9 msec and 15 msec; echo train length (ETL)=3;
field-of-view (FOV)=30 cm?; acquisition matrix=512x512. For
sagittal T2: slice thickness, FOV, and matrix size were as above
with TR between 3100 msec and 4000 msec and TE between 105
msec and 120 msec; ETL was between 19 and 21. For axial T2
imaging, slice thickness was 4 mm, TR between 4000 and 4800
msec, TE between 102 and 120 msec, ETL =25, FOV =18 ¢cm, and
acquisition matrix size=512x512. Additional sequences were
performed but not evaluated for the purposes of this study.

Image analysis

A board certified neuroradiologist and a neuroradiology trainee
performed independent imaging ratings (Table 2), blinded to
clinical outcomes, on retrospectively evaluated imaging sequences
(Fig. 1). Any disagreements in categorization were discussed with
ultimate deferral to the more experienced reader. The level of injury
was defined as the epicenter of largest anterior to posterior extent of

TABLE 1. PATIENT CHARACTERISTICS*

Characteristics

Age (years)

Sex

Injury type

AIS at admission

AIS at discharge

Time to MRI (hours)

Time to discharge (days)

Surgical decompression
before discharge

Mechanism of injury

Vertebral body level of
epicenter of injury by
imaging

BASIC score

Sagittal grade

Longitudinal extent
of injury (mm)

TLICS Score

MCC (%)

MSCC (%)

38.32+15.74

17 male: 8 female

Blunt=21, penetrating=4
A=11,B=2,C=1,D=6,E=5
A=9,B=0,C=2,D=5E=9
14.68 +18.56

20.96+£21.48

Yes=16, No=9

10 fall from height, 5 motor vehicle
collision, 3 crush injuries by large
falling objects, 2 gunshot wounds,
2 stab wounds, 1 motorcycle
collision

1T2,17T3,1T4,37T6,2T7,3TS,
27T9,1T11,7 T12,3 T1, 1
without detectable injury

1.88+1.67

232+1.22

23.52426.56

5.16£2.78
23.38+27.36
18.67+24.02

*Results are expressed as N or mean * standard deviation.
AIS, American Spinal Injury Association (ASIA) Impairment Scale;

MRI, magnetic resonance imaging; BASIC, Brain and Spinal Injury
Center; TLICS, thoracolumbar injury classification system; MCC, max-
imum canal compromise; MSCC, maximum spinal cord compression.
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TABLE 2. MAGNETIC RESONANCE IMAGING SCORING SCHEMES

Brain and Spinal Injury Center grading system Ordinal
Sagittal grade Ordinal
Longitudinal extent of T2 signal abnormality Numerical
Thoracolumbar injury classification system Ordinal
Maximum canal compromise (MCC) Numerical
Maximum spinal cord compression (MSCC) Numerical

0—4; O=normal, 1=gray matter only, 2=some WM,

3=all WM in plane, 4=with hemorrhage.
1-4; 1=normal, 2=less than a vertebral body (VB),

3 =longer than one VB, 4=with hemorrhage
(mm)
Rates: morphology (1-4), neurologic status (0-3),

and integrity of the posterior ligamentous complex (0-3)
MCC (%)= 1-[Dx/(Da+Db)/2] x 100%; D: canal width
MSCC (%) = 1-[dx/(da+db)/2] x 100%; d: spinal cord width

cord signal abnormality on sagittal imaging or as the level of bony
injury/canal compromise if there was no cord signal abnormality.

BASIC grading was performed as has been described previously
(Fig. 1D) by reviewing the axial images at the epicenter of the
injury: briefly, grade O injury represented normal spinal cord T2
signal, grade 1 injury represented T2 hyperintensity approximately
confined to expected location of spinal gray matter, grade 2 injury
represented T2 hyperintensity extending beyond the expected mar-
gins of central gray matter and obscuring gray-white margins but not
involving the entire transverse extent of the spinal cord (a peripheral
rim of normal appearing white matter was identified), grade 3 injury
represented T2 hyperintensity involving the entire transverse extent
of the spinal cord without any residual normal appearing white
matter, and grade 4 injury represented grade 3 injury with super-
imposed discrete foci of intramedullary T2 hypointensity attributed
to the presence of macroscopic intramedullary hemorrhage.*

All BASIC scoring was based on a single axial image from the
injury epicenter that was determined to have the most severe grade
among all axial slices. Sagittal grade was assigned as follows
(Fig. 1E): grade 1 represented normal spinal cord signal; grade 2
represented T2 hyperintense intramedullary signal with longitudinal

Sagittal Length

.E;.ﬂ.SM: 0
@Pcrsic
@ cisce
P BASIC3
0 BASIC 4

FIG. 1.

extent confined to a single vertebral level; grade 3 represented >1
vertebral level edema; and grade 4 represented mixed hemorrhage
and edema.>?

We also measured the greatest longitudinal extent of injury on
sagittal T2 images in mm as described in the SCI common data
elements (CDE) version 1.0 (Fig. 1A). MCC and MSCC were also
both measured on midsagittal images as described previously, by
dividing the anterior-posterior (AP) diameter of the canal (for
MCC) and the AP diameter of spinal cord (for MSCC) by the
average of the canal or spinal cord above and below as described in
the literature with MCC measured on T1 and MSCC measured on
T2 (Fig. 1B,C).' 9?7238 TLICS was assigned as described in the
literature after reviewing any necessary computed tomography
(CT) imaging and the clinical chart.**~*!

Multidimensional analytical workflow
and statistical analysis

All statistical analyses were performed in SPSS v. 22 (SPSS Inc.;
Chicago, IL). To assess the relationship between the different MRI
measures, we used a NL-PCA in the general workflow depicted in

Gl'idp 1 Grade 2 Grade 3

Image analysis. (A, B) Sagittal T2-weighted magnetic resonance imaging (MRI) of the thoracic spine in a patient with acute

SCI demonstrating how this sequence was used to measure the length of T2 signal hyperintensity in mm (white line in A) and tocalculate
maximum spinal cord compression (MSCC) (B, (1-(d/((da+db)/2)) x100%). (C) Sagittal T1-weighted image of the thoracic spine
demonstrating how this sequence was used to measure MCC ((1-(D/((Da+Db)/2)) x100%). (D) Axial T2-weighted MRI of the thoracic
spine at the level of the epicenter of injury in a different patient. Foci of T2 hypointense hemorrhage are surrounded by hyperintense
edema with no normal cord signal, consistent with BASIC grade 4; white arrow denotes associated cartoon depiction of Brain and Spinal
Injury Center (BASIC) axial grade. (E) Cartoon of the sagittal grading system.
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FIG. 2. Multidimensional analytical workflow. Raw magnetic resonance imaging (MRI) variables are fed into a nonlinear principal
component analysis (NL-PCA). NL-PCA uses a process called optimal scaling transformation to handle different analysis levels (e.g.,
ordinal and numeric) in the dataset. Optimal scaling assigns quantitative values to categorical variables optimally, meaning maximizing the
variance of the predefined number of principal components (PCs) (i.e., dimensions). The NL-PCA loading pattern shows the weight (i.e.,
loading) of every single MRI variable on the extracted PCs. In a next step, individual PC scores are used to define the predictive nature of
PCs on outcome. An individual PC score is the sum of the multiplied loadings by the individual raw value of every single variable. AIS,
American Spinal Injury Association (ASIA) Impairment Scale. Color image is available online at www.liebertpub.com/neu

Figure 2. NL-PCA is suitable for a set of variables including mixed
measurement levels (nominal, ordinal, and numeric).**** In NL-
PCA, variables are assigned numerical values through an auto-
mated process called optimal scaling transformation. First,
NL-PCA was applied using a six-dimensional solution. The final
dimensionality (i.e., number of PCs) of the PCA was defined based
on (1) Kaiser rule: eigenvalue >1 and (2), Cattell rule: scree plot.44’45
The NL-PCA was then pruned with reduced PC dimensions.

To determine the stability of the NL-PCA solution, we per-
formed a nonparametric balanced bootstrapping procedure using
2000 iterations and Procrustes rotation.** The two-dimensional
NL-PCA solution was further cross-validated with the bootstrapped
solution by using root mean square difference in PC loading pat-
terns, the coefficient of congruence, the Pearson product moment
correlation coefficient, and the Cattell salient variable similarity
index. Convergence of these mathematically distinct metrics indi-
cates consensus for replication of PC patterns.

The sensitivity of the extracted two-dimensional PC scores for
predicting AIS at discharge was tested with a linear mixed model.
To assess the bivariate relationship between AIS at discharge and
MRI measures, separate Spearman rank correlations and an optimal
scaled regression were applied. These procedures allow a direct
comparison between the univariate correlations from individual
variables and multivariable sets with different metric features (i.e.,
ordinal and numeric).

All predictive validity testing was based on individual MRI
measures from MRI obtained near time of admission and AIS at
time of patient discharge from the hospital. Statistical significance
for all analysis was set at «=0.05. Bootstrapping and power cal-
culations indicated that the N =25 was sufficient for assessing the
predictive validity of MRI with respect to AIS at discharge.

Levels of validity

Validation of MRI measures involves different levels of validity
assessment as described by classical measurement theory. ‘‘Face
validity” is defined as the concept that the MRI measures accu-
rately reflect what they purport to measure on face value (i.e., an
MRI-measured lesion looks like a lesion). “Convergent validity’” is
the concept that measures that should correlate, do indeed correlate
(i.e., lesion length and lesion area do correlate). ‘‘Discriminant
validity”’ refers to the concept that measures that should diverge, do
indeed diverge (i.e., measures of ligamentous change diverge from
neuroanatomical measures). ‘‘Construct validity” refers to the
concept that multidimensional patterns are coherent from a theo-
retical perspective (i.e., neuroscores coalesce as coherent unit).
Construct validity can be considered to involve both discriminant

and convergent validity. ‘‘Predictive validity’’ refers to the concept
that multidimensional MRI patterns can predict outcome. In the
Results section, we address which level of validity is addressed by
each statistical finding.

Results

Patient characteristics, MRI metrics, and TLICS scores for our
cohort are presented in Table 1. Optimally scaled correlation re-
vealed strong bivariate associations among MRI measures (Fig. 3A).
NL-PCA analysis revealed that PC1-3 had high loadings by MRI
scores (Fig. 3B). The Cattell and Kaiser criteria for PC retention
converged on retention of a pruned two-dimensional PC solution
(Fig. 3C). Re-extraction of NL-PCA restricted to two dimensions
confirmed that PC1-2 accounted for 87.0% of the variance (64.3%
and 22.7%, respectively) in imaging findings (Fig. 3D).

The bootstrapping results support the stability of the two-
dimensional PCA solutions with only marginal changes in the total
variance accounted for (total: 89.4%; PC1: 64.3%; PC2: 25.1%).
Further, the loading pattern of the two-dimensional NL-PCA
strongly agrees with the loading pattern of the bootstrapped PCA
solution for both PC1 (root mean square difference =0, coefficient
of congruence=1, Pearson product moment correlation coeffi-
cient=1, and Cattell salient variable similarity index=1, p <0.05)
and PC2 (root mean square difference =0, coefficient of congru-
ence =1, Pearson product moment correlation coefficient=1, and
Cattell salient variable similarity index =0.86, p <0.05).

In the two-dimensional NL-PCA solution, all imaging variables
loaded positively on PC1. MCC, MSCC, and TLICS also loaded
positively on PC2 (variance orthogonal to PC1) while BASIC, sag-
ittal grade, and longitudinal extent of injury loaded negatively on
PC2. Together these results suggest that the PC1-2 reflect radio-
logical tissue changes (face validity); that PC1 reflects agreement
among MRI scoring schemes (convergent validity); and that PC1 and
PC2 reflect distinct patterns, with PC2 reflecting divergence among
two distinct blocks of scoring schemes (discriminant validity).

To better understand the discriminant nature of PC2, we projected
individual patients into the PC1-PC2 biplot space (Fig. 4) and dis-
covered that there appeared to be a broad dispersion of subjects
within the PC space, suggesting the potential for distinct subpopu-
lations. We hypothesized that spinal decompression surgery may
account for the dissociations among patient distributions. Linear
mixed model regression confirmed that spinal decompression
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FIG. 3. Non-linear principal component analysis (NL-PCA) results demonstrate face validity, convergent validity, and construct
validity. (A) Optimal scaled transformation matrix of all magnetic resonance imaging measures. (B) Six-dimensional NL-PCA solution
loading patterns. Loadings >|0.4| are emphasized in white. (C) Shows the scree plot for the six-dimensional NL-PCA. The Cattell and
the Kaiser rules were applied to define the amount of components to retain for the final NL-PCA. The criteria converged on a two-
dimensional solution, (D) Shows the re-extracted two-dimensional NL-PCA solution and the amount of variance accounted for by the
two principal components (PCs). Loading values >|0.4| are in white text. BASIC score, Brain and Spinal Injury Center score; TLICS,
thoracolumbar injury classification system; MCC, maximum canal compromise; MSCC, maximum spinal cord compression. Color

image is available online at www.liebertpub.com/neu

impacted PC2 scores (F=25.4, p<0.0001) but not PC1 (p>0.05).
This suggests that PC2 may reflect MRI features associated with the
clinical decision making process to perform spinal cord decom-
pression. Careful re-examination of the loadings further supports this
idea (Fig. 3D).

To test the predictive validity of PC1 and PC2 MRI ensembles, we
used mixed model regression to test their association with AIS at
discharge. Both PC1 and PC2 were statistically significantly related
to AIS at discharge (PC1: F=8.63, p=0.001, eta squared=0.55,
power=0.98; PC2: F=3.28, p=0.041, eta squared=0.32, power=
0.66). PC1 specifically predicted AIS neurological impairment at

Biplot
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.5 Q
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0.0 4 & ® L]
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PC1

FIG. 4. Discriminant validity of principal component 2 (PC2). In-
dividual subject’s PC scores are plotted into the two-dimensional bi-
plot space described by PC1 and PC2. Subjects who underwent
surgical decompression (closed circles) after magnetic resonance im-
aging acquisition have higher PC2 scores than those who did not (open
circles). The biplot highlights the discriminative validity of PC2.

time of patient discharge across the range of injuries in a monotonic
fashion, with higher PC1 scores reflecting worse function (AIS A)
and lower PC1 scores reflecting better function (AIS E) (p <0.05 by
linear contrast; p > 0.05 for quadratic).

PC2, on the other hand, had a narrower range of association with
neurologic impairment, differentiating AIS A from other AIS
grades (p <0.05) with no other statistical significance. Because of
the retrospective nature of the study, AIS at discharge was chosen
as the short-term outcome. To assess the relationship between
PC1/PC2 and length of stay, a Pearson correlation was performed
(PC1: Pearson r=0.45, p=0.023, and PC2 r=-0.39, p=0.057);
this indicates that multidimensional MRI predicts length of stay, as
a secondary validation end point.

To better understand the predictive validity of the individual
MRI scores versus the PC1 and PC2 ensembles, we performed a
nonparametric Spearman rank correlations of imaging variables
with AIS at discharge (Table 3 and Fig. 5). BASIC score (tho=
—0.93), sagittal grade (rho=-0.85), longitudinal extent of injury
(tho=-0.83), and PC1 (rho=—-0.75) were all negatively correlated
with AIS at discharge. PC2 (tho=0.49) was mildly positively
correlated with AIS at discharge, while TLICS, MCC, and MSCC
were not statistically significantly correlated with AIS at discharge.

To confirm the comparative predictive validity results, we used an
optimal scaled regression. This method provides a way to compare
correlations between variables with different properties and distri-
butions. BASIC was the only statistically significant (p=0.001)
predictor of AIS at discharge in this multiple variable model. Be-
cause of multicolinearity, PC1 and PC2 were not included in the
optimal scaling regression.

Discussion

In this study, we assessed multiple MRI metrics of SCI, which
were all predominately developed for use in the more common
cervical SCI, here applied in thoracic SCI. TLICS, which is an
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TABLE 3. SPEARMAN RANK CORRELATION AND OPTIMAL SCALING REGRESSION TO PREDICT
AMERICAN SPINAL INJURY ASSOCIATION (ASIA) IMPAIRMENT SCALE AT DISCHARGE*
Spearman correlation Optimal scaling regression

Rho Rho squared Sig Zero-order Partial Part Sig
Length -0.83 0.68 <0.001 -0.81 -0.09 -0.02 0.859
Sagittal grade -0.85 0.73 <0.001 -0.67 0.65 0.16 0.514
BASIC score -0.93 0.86 <0.001 —-0.96 -0.92 -0.44 0.001
TLICS -0.21 0.04 0.323 -0.11 -0.64 -0.15 0.203
MCC -0.04 0.00 0.850 -0.17 0.30 0.06 0.405
MSCC -0.20 0.04 0.351 —-0.40 0.06 0.01 0.862
PC1 -0.75 0.57 <0.001
PC2 0.49 0.24 0.014

*Length of signal abnormality, sagittal grade, Brain and Spinal Injury Center (BASIC) score, and principal component (PC)1 are all negatively
correlated with AIS at discharge while PC2 is positively correlated with American Spinal Injury Association (ASIA) Impairment Scale (AIS) at
discharge. Optimal scaling regression identified BASIC score as the only statistically significant variable in this multiple variable model to predict AIS at

discharge.

TLICS, thoracolumbar injury classification system; MCC, maximum canal compromise; MSCC, maximum spinal cord compression.

injury classification system for surgical decision making in thoracic
spinal column injury and not a prognostic system, was also included
to evaluate its relationship with the other imaging variables. TLICS
does incorporate clinical data related to patient neurologic status in
addition to imaging findings.

We used nonlinear principal components analysis to character-
ize the relationships of these variables and found two PCs ac-
counting for 87.0% of the variance. All imaging variables loaded
positively on PC1 (64.3% of the variance), which was highly re-
lated to AIS at discharge. MCC, MSCC, and TLICS also loaded
positively on PC2 (22.7% of the variance), while variables con-
cerning spinal cord signal abnormality loaded negatively on PC2.
We found that PC2 was highly related to the patient undergoing
surgical decompression.

BASIC, sagittal grade, and longitudinal extent of signal abnor-
mality were all negatively correlated with AIS at discharge with the
highest individual level of correlation for BASIC. In a multiple

variable model, BASIC was the only statistically significant pre-
dictor of AIS at discharge, demonstrating that it most accurately
predicted the variance of AIS at discharge in our study population.
Our study provides evidence of convergent validity, construct va-
lidity, and clinical predictive validity for these imaging predomi-
nant measures of SCI when applied in acute thoracic SCI.
Variables involving spinal cord signal abnormality are highly
related to each other and to AIS at discharge. By definition, these
three variables are similar because they primarily consider the
presence or absence of T2 signal hyperintensity in the spinal cord.
The axial grading system (BASIC) and the sagittal grading system
differ in their mild to moderate grades and direction of significance;
however, both consider hemorrhage superimposed on edema as the
highest grade. Otherwise, in the mild to moderate grades, BASIC is
primarily concerned with the degree of spared white matter and the
sagittal grading system is primarily concerned with single vertebral
level versus multiple vertebral level edema. The sagittal grading
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FIG. 5. Predictive validity. Scatterplots of American Spinal Injury Association (ASIA) Impairment Scale (AIS) at discharge with each
statistically significant variable. Brain and Spinal Injury Center (BASIC) score had the highest individual level of individual correlation
with AIS at discharge. BASIC score (tho=-0.927), sagittal grade (tho=-0.852), longitudinal extent of injury (tho=-0.825), and
principal component (PC)1 (rho=-0.753) were all negatively correlated with AIS at discharge. PC2 (rho =0.486) was mildly positively
correlated with AIS at discharge, while thoracolumbar injury classification system, maximum canal compromise, and maximum spinal
cord compression were not statistically significantly correlated with AIS at discharge. Note that because of the ordinal scale of the
sagittal grade and the BASIC score, a number of subjects coincide on both x and y axes.
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system (ordinal) and the longitudinal extent of T2 signal abnor-
mality (numerical) are by definition similar concepts except that the
sagittal grade also accounts for the presence of hemorrhage.

As expected, these variables grouped together on PC analysis
and were positively correlated together providing evidence of
convergent and construct validity and were negatively correlated
with AIS at discharge providing evidence of clinical predictive
validity. BASIC demonstrated the highest individual degree of
negative correlation with AIS at discharge; however, all three
metrics can be considered individually valid for predicting early
neurological impairment in thoracic SCI.

The multiple variable model identified BASIC as the dominant
imaging variable in predicting AIS at discharge, because it was the
only statistically significant variable in the multiple regression
model. This suggests that BASIC (a brief ordinal scale) most tightly
captures AIS (also a brief ordinal scale) at discharge compared with
the other measures.

MCC, MSCC, and TLICS grouped together with the other im-
aging variables on PC1 but diverged from the other imaging vari-
ables (of spinal cord signal abnormality) on PC2. Because PC2 was
highly related to the patient undergoing spinal decompression and
positively correlated with AIS at discharge, the relationship of
these variables that loaded positively on PC2 (MCC, MSCC,
TLICS) with AIS at discharge is thus quite complex. These three
variables have variance with PC1 correlating negatively with AIS
at discharge, and variance with PC2 correlating positively with AIS
at discharge and being highly related to the likelihood of under-
going surgical decompression.

PC2 thus may capture some of the nuances of surgical decision-
making reflected in TLICS whereby an incomplete SCI at admis-
sion receives a higher individual scoring than a complete SCI. The
particular phenotype captured by a high PC2 score would be a
patient with a high MCC, MSCC, and TLICS but lower scores on
measures of cord signal abnormality; a patient with an unstable
spine and compression but a relatively preserved spinal cord.

The fact that MCC and MSCC did not individually have a sig-
nificant correlation with AIS at discharge is consistent with previous
literature examining measures of spinal canal stenosis with thor-
acolumbar SCI outcomes and may reflect the complexity of their
relationship with both surgical decision making and subsequent
early neurological impairment.*” The strong negative correlations
between direct MRI measures of SCI (BASIC score, sagittal grade,
and longitudinal length of T2 signal hyperintensity) and clinical
outcomes suggests incorporation of these measures into surgical
decision-making tools may be helpful. Defining valid imaging
biomarkers for thoracic and thoracolumbar SCI is critically im-
portant because the thoracic spinal cord has been proposed as the
most suitable region for initial invasive clinical trials targeting
SCL4849

Our study has several limitations mostly related to the retro-
spective technique and relatively small sample size. Our retro-
spective technique allowed us to effectively study the relatively
rare thoracic SCI in an efficient manner but did limit the clinical
variables to those already collected in routine clinical care. The
retrospective nature of this study also limits our control over timing
of MRI after injury.

Leypold and colleagues®® have shown that the longitudinal ex-
tent of T2 hyperintensity can increase by up to one vertebral body
height per day in the acute stage of injury. Our institution routinely
obtains MRI early after injury, and 88% (22/25) were performed
within 24 h of injury, thus limiting the effect of delayed timing
on extent of T2 hyperintensity. Future prospective controlled
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experiments would ideally control for variables such as hemody-
namic support, timing of surgical decompression, steroid therapy,
and timing of MRI after injury with longer-term clinical follow-up
and a larger number of patients. Importantly, our study does suggest
that any prospective collection of data in thoracic SCI should in-
clude metrics of spinal cord signal abnormality on MRI as mea-
sured in this study.

Another limiting factor is the use of AIS grade as a fairly coarse
primary outcome measure for thoracic SCI in our cohort. Because
of the retrospective nature of this study, more granular outcome
measures, such as functional independence measure (FIM), were
not available for analysis. Although the significance of AIS grade
has been questioned in thoracic SCI, Lee and colleagues”’ recently
showed that AIS grade changes are associated with significant
functional benefit relative to FIM scores and ambulation in a ret-
rospective analysis of a large longitudinal database of patients with
thoracic SCI.*?

Structural MRI findings correlated with early impairment with
varying resolution, depending on the scoring scheme (e.g., BASIC
vs. sagittal grade). Multiple regression analysis confirmed that most
of the univariate MRI assessments were noisy correlates of func-
tional impairment, with the sole exception of the BASIC score. In
testing theory, this class of evidence is referred to as predictive
validity, and it directly addresses whether a set of measurements
(MRI features) have value for predicting a separate outcome do-
main (AIS grade) at a later time.

Our application of NL-PCA directly assessed whether the multi-
dimensional ensemble of spinal cord MRI features performs better
than each individual outcome. NL-PCA is a rigorous and appropriate
approach for performing multivariate pattern-detection to compare
the relative merits of multiple scales that purport to measure the same
underlying features (in this case, structural MRI features). This ap-
proach has a long history in physics, human performance testing, and
other disciplines dating back more than a century.>>>*

Although it is currently unusual to have such advanced analytics
applied in the clinic, applications like the one here promise to be a
central feature of the emerging field of ‘“‘precision medicine,”
where analytics will be integrated in clinical decision making.>>¢
Accordingly, several very recent articles incorporate NL-PCA as a
precision medicine tool in both pre-clinical and clinical SCL.>"~°
The present findings suggest that multidimensional MRI features of
the thoracic spinal cord may have relevance for clinical issues such
as patient stratification for diagnosis, intervention planning, and
clinical trial criteria. Further work is needed, however, to test the
capacity of structural MRI to predict long-term outcome.

Conclusion

This study validates the use of BASIC and other MRI measures
of acute SCI specifically in the setting of thoracic SCI. PC analysis
identified two distinct patterns of variance: PC1, which was highly
related to AIS at discharge, and PC2, which was highly related to
surgical decompression. The highest individual correlation with
AIS at discharge was seen with the BASIC system, although all
metrics of spinal cord signal abnormality had a high degree of
individual negative correlation with AIS at discharge. The rela-
tionship of MCC and MSCC with AIS at discharge was found to be
more complex, likely reflecting the use of these metrics along with
TLICS in surgical decision making. A multiple variable regression
model identified BASIC as the only statistically significant pre-
dictor of AIS at discharge, signifying that BASIC best captured the
variance in AIS within our study population.
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