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Object. The objective of this study was to identify commonly used physiological outcome measures and sum-
marize evidence on the reliability and predictive validity of quantitative measures used in monitoring persons with
spinal cord injury (SCI).

Methods. A systematic search of PubMed through January 5, 2012, was conducted to identify publications
using common outcome measures in persons with SCI and for studies that were specifically designed to evaluate
the reliability and predictive validity of selected quantitative measures. Quantitative measures were defined as tests
that quantify sensory and motor function, such as amount of force or torque, as well as thresholds, amplitudes, and
latencies of evoked potentials that might be useful in studies and monitoring of patients with SCI. Reliability studies
reporting interclass correlation coefficients (ICCs) or weighted k coefficients were considered for inclusion. Studies
explicitly evaluating correlation between measures and specific functional outcomes were considered for predictive
validity.

Results. From a total of 121 potentially relevant citations, 6 studies of reliability and 4 studies of predictive
validity for quantitative tests met the inclusion criteria. In persons with incomplete SCI, ICCs for both interrater
and intrarater reliability of electrical perceptual threshold (EPT) were = 0.7 above the sensory level of SCI but were
less reliable below the sensory level. Interclass correlation coefficients for interrater and intrarater reliability of the
Graded Redefined Assessment of Strength, Sensibility, and Prehension (GRASSP) components ranged from 0.84 to
0.98. For electromyography, the ICC was consistently high for within-day tests. The overall quality of reliability of
the majority of studies was poor, due to the potential for selection bias and small sample sizes. No classic validation
studies were found for the selected measures, and evidence regarding the predictive validity of the measures was
limited. Somatosensory evoked potentials (SSEPs) may be correlated with ambulatory capacity, as well as the Barthel
Index and motor index scores, but this correlation was limited for evaluation of bladder function recovery in 3 studies
that assessed the correlation between baseline or initial SSEPs and a specific clinical outcome at a later follow-up
time. All studies used convenience samples and the overall sample quality was low.

Conclusions. Evidence on the reliability and validity of the quantitative measures selected for this review is
limited, and the overall quality of existing studies is poor. There is some evidence for the reliability of the EPT,
dermatomal SSEPs, and the GRASSP to suggest that they may be useful in longitudinal studies of patients with SCI.
There is a need for high quality studies of reliability, responsiveness, and validity for quantitative measures to monitor
the level and degree of SCI.

(http://thejns.org/doi/abs/10.3171/2012.5.AOSPINE1296)
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SCI is the ASIA standard neurological classifica-

THE current gold standard for clinical assessment of
tion, which includes tests of motor and cutaneous

Abbreviations used in this paper: AIS = ASIA impairment scale;
ASIA = American Spinal Injury Association; BMCA = Brain Motor
Control Assessment; EMG = electromyography; EPT = electrical
perceptual threshold; GRASSP = Graded Redefined Assessment
of Strength, Sensibility, and Prehension; ICC = interclass correla-
tion coefficient; MEP = motor evoked potential; MMV = maximal
movement velocity; SCI = spinal cord injury; SSEP = somatosen-
sory evoked potential; TPT = thermal perceptual threshold; VPT =
vibrational perceptual threshold.
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sensory function.? However, there are limitations to the
AIS."*2! For sensory function, there is a limiting compo-
nent of subjectivity, with sensory cutaneous evaluation of
each dermatome scored simply as either normal, absent,
or abnormal sensation. Abnormal sensation currently in-
cludes both heightened and lowered sensitivity, as well as
allodynia. For motor function, only the upper and lower
limbs are assessed, which only includes 5 muscle groups
for each limb. The trunk is not evaluated, making as-
sessment of neurological-level SCI in the thoracic region
dependent solely on the sensory evaluation. Notably, the
supraspinal pathways that remain intact or recover are not
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identified using this assessment. In addition, significant
concerns exist regarding sensitivity of the AIS to subclin-
ical improvements through clinical trials and regenerative
and therapeutic strategies.™ It is therefore important to be
able to develop quantitative tests that can assess neuro-
logical function longitudinally. An ideal quantitative test
would be reliable, valid, and consistent across raters, and
likely be more sensitive and responsive to neurological
and subclinical improvement, and recovery of a few spi-
nal segments.’

The primary question to be addressed in this paper
is as follows: What sensory, motor, and autonomic physi-
ological tests have been assessed for validity and reliabil-
ity? The purpose of this paper is to provide an overview
of studies describing the reliability and predictive valid-
ity of selected quantitative measures that may be useful
for monitoring regeneration and progress in clinical trials
and patient recovery.

Methods

A systematic search of PubMed through January 5,
2012, was conducted to identify publications using com-
mon outcomes measures in persons with SCI and for
studies that were specifically designed to evaluate the re-
liability and validity of quantitative measures. There was
no restriction on publication date or study type. Searches
were limited to studies conducted in humans and pub-
lished in English. Terms related to traumatic SCI [(((spi-
nal cord injuriesfMAJR]) OR (spinal cord injury[TI]) OR
(spinal cord injured[TI]) OR (spinal cord injuries[TI]) OR
(spinal cord lesions[TI]) OR (spinal cord lesion[TI]) OR
(parapleg*[TI]) OR (quadripleg*[TI]) OR (tetrapleg*[TI]))
NOT (neoplasms|[MAJR] OR cancer*[TIAB] OR can-
cer*[ TW] OR malignan*[TIAB] OR malignan*[TW] OR
neoplas*[TIAB] OR neoplas*[TW] OR metasta*[TIAB]
OR metasta*[ TW]))] were added to specific search strate-
gies for measures as described below.

Identification of Outcome Measures Used in Clinical
Studies

Measures specific to patients with SCI in the fol-
lowing areas were identified by the clinical authors as
most suitable for inclusion: pain, functional/potential
measures, upper extremity potential measures, and mo-
tor/sensory measures. PubMed was searched to identify
studies using such measures and obtain an estimate of
how commonly they have been used in clinical studies.
For each of the measures, a search strategy that included
relevant key words, acronyms, and MeSH terms was add-
ed to the terms related to traumatic SCI described above.
Titles and abstracts of studies identified were searched
to determine whether the outcomes measure of interest
was used in persons with SCI and estimate the number of
studies using the measure.

Reliability, Responsiveness, and Predictive Validity of
Quantitative Measures

Quantitative measures were defined as tests that quan-
tify sensory, motor, or autonomic function (amount of
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force or torque, and thresholds, amplitudes, and latencies
of evoked potentials) that might be useful for monitoring
regeneration and progress in clinical trials and patient re-
covery in patients with SCI. The following measures were
identified by the clinical authors as most suitable for inclu-
sion as quantitative measures: SSEPs, MEPs, dermatomal
SSEPs, contact heat-evoked potentials, quantitative sen-
sory testing (EPT, TPT, and VPT), and autonomic mea-
sures (sudomotor/quantitative sudomotor axon reflex test,
sympathetic skin response, postural challenge/“tilt test,”
Valsalva maneuver, sweating/thermoregulation sweating,
and cardiovagal heart rate).

The systematic search of PubMed combined terms
related to traumatic SCI described above with those re-
lated to studies of reliability or validity [(Reproducibility
of ResultsfMeSH] OR reliab*[TI] OR valid* OR intert-
est* OR interobserv* OR intratest* OR intraobserv* OR
interrat®* OR intrarat* OR validation studies [Publication
Type])] For each of the measures listed above, a search
strategy that included relevant key words, acronyms, and
MeSH terms was added to identify reliability and validity
studies for the specific measure. Reference lists of semi-
nal articles were also systematically checked for relevant
studies.

Reliability evaluates the extent to which repeated
measurements in stable patients (test-retest) yield similar
responses.” Reproducibility measures whether patients
can be differentiated from each other despite measurement
error (relative measurement error).?%*! Reliability studies
reporting ICCs or weighted k coefficients were consid-
ered for inclusion. The Pearson correlation coefficient is
not considered an adequate measurement of reliability, be-
cause it does not account for systematic differences.”!

The critical appraisal of the quality of reliability
studies was based on the following factors: inclusion of a
broad spectrum of persons with the expected condition;
adequate description of methods for replication; blinded
performance of tests, measurements, or interpretation;
timing of second test appropriate for stage/period of dis-
ease, timing to avoid influence of interpretation from first
test; and demonstration of an ICC or weighted x coeffi-
cient = 0.70 when measured in at least 50 patients. A good
quality study (Level of Evidence I) meets all 5 of these
criteria; a moderate quality study (Level IT) meets 4, poor
quality (Level III) meets 3, and a very poor quality study
meets fewer than 3 of the criteria (Level IV).

Predictive validity refers to the extent to which the
measure predicts a specific outcome (patient function
based on a validated measure or mortality) in the patient
population of interest and is closely related to outcomes.
The question is whether a specified change in a measure
correlates with a clinically meaningful change in a physi-
cal or functional outcome. A measure may be good at pre-
dicting one outcome but not another; thus, the outcome
needs to be specified and well measured. For a measure
to have predictive validity, it should predict outcome in
a second population (a population independent from the
population used to develop the measure). Studies explic-
itly evaluating correlation between baseline quantitative
measures and specific functional outcomes measured at
some later follow-up time were considered for predictive
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validity. Studies reporting formal statistical analysis us-
ing appropriate correlation or regression methods were
sought. Studies that failed to report explicit evaluation of
such a correlation with a specific outcome were excluded.

Responsiveness assesses whether a measure is able to
detect clinically important changes over time (the score
changes with the status of the patient).?**! Studies that for-
mally evaluated the smallest detectable change, minimally
important change, responsiveness ratio, or area under curve
for a receiver-operator characteristic curve were sought.

Studies in adults with acute or chronic, complete or
incomplete SCI were considered for inclusion if the study
was designed to evaluate reliability, responsiveness, or
predictive validity as described above. Studies in patients
with peripheral nerve injury, spinal root injury, cancer,
deformity (including scoliosis), or other neurological
conditions were excluded. Studies of fewer than 10 pa-
tients with SCI were excluded, as were studies of animals,
those with less than 50% of the population comprised of
patients with SCI, and those exploring mechanisms or
the basic feasibility of measures by comparing them to
healthy control patients. The focus of this review is to
provide information on the highest quality studies avail-
able to answer the clinical question.

Each retrieved citation was reviewed by 2 reviewers
working independently. Most articles were excluded on the
basis of information provided by the title or abstract. Cita-
tions that appeared to be relevant or that could not be un-
equivocally excluded from the title and abstract were iden-
tified, and the corresponding full text reports were evalu-
ated by at least 2 reviewers. Disagreement with respect to
inclusion or exclusion of these citations was resolved by
consensus. Figure 1 summarizes the results from the lit-
erature search and exclusion of studies at various stages.

Results

Study Selection for Reliability and Predictive Validity
Studies

The PubMed search for studies on reliability and pre-
dictive validity yielded 121 unique citations after initial
exclusions by title. Regarding reliability, 5 studies were
excluded at full text review: 3 did not include at least 50%
of patients with SCI, 1 did not report reliability, and 1 in-
volved blind persons without SCI. For predictive validity,
13 studies were excluded at full text review for 1 or more
of the following reasons: timing of quantitative measure
relative to outcome assessment not clear or not reported;
no formal statistical evaluation of association between
measure and outcome; or no reported effect size (Fig. 1).

Identification of Outcome Measures Used in Clinical
Studies

Somatosensory and motor evoked potential measures
appear to be the most commonly used among those se-
lected, followed by manual muscle testing and the ASTA
motor score (Fig. 2).

Reliability of Quantitative Measures

Studies designed to evaluate reliability in patients
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1. Total Citations
N=121

2. Title/abstract exclusion
n=104

3. Retrieved for full text evaluation
n=28

4. Excluded at full text review
n=18

5. Publications included
n=10

Fie. 1. Selection of studies of reliability and predictive validity of
quantitative SCI outcome measures.

with SCI that met the inclusion criteria were found for
the following measures: dermatomal SSEPs,* EPT,'3:4
TPT,"015 VPT,'%!5 EMG,"® and the GRASSP."? No reliabil-
ity studies in the SCI population were found for MEPs,
autonomic, or contact heat-evoked potential tests. The
overall quality of the studies was considered poor or very
poor, and most studies were retrospective (Table 1). All
populations appear to be convenience samples, and with
the exception of 1 study,'? failed to include a broad spec-
trum of persons with SCI to whom the test might apply,
leading to possible selection bias and limiting the gener-
alizability of the results. For some studies, the combina-
tion of test data for SCI patients with data from healthy
controls precludes making conclusions about how the test
will perform in the patients with SCI.

Table 2 summarizes basic characteristics and data
from the included studies by quantitative measure. Table
1 summarizes critical appraisal elements for these studies.

Three studies included persons with incomplete
SCIL.131518 For EPT, ICCs for both interrater and intrarater
reliability were = 0.7 above the sensory level of SCI but
were less reliable below the sensory level.® For TPT, the
ICC for most dermatomes was < 0.7 for warm, cold, and
cold pain thresholds."* For EMG, the ICC was consistent-
ly high for within-day tests.!3

In persons with traumatic tetraplegia, intrarater reli-
ability ICCs were high for unaffected dermatomal SSEP
N1 latencies (0.97), but low for EPT testing (0.24) in 1
study." Elapsed time between examinations ranged from
5 days to 1.3 years.

In a study of patients with SCI who had neuropathic
pain,'” an ICC of 0.9 was reported for VPT and 0.5 for
TPT measures, but only 10 of the 22 patients with SCI
were retested at 1-4 weeks.

The GRASSP reliability study'? included a broader
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Motor/Sensory Measures

Upper Extremity Potential Measures

Functional/Potential Measures

Pain Measures

T T

150 200 250

Number of studies

Fic. 2. Summary of selected common outcomes measures in patients with SCI. The number of studies found is given for each
measure. Citations were retrieved from PubMed, and the outcome measures were identified in the titles and abstracts of articles.
AMS = ASIA motor score; ARAT = action research arm testing; BR-SCI-PT = Bryce-Ragnarsson Pain Taxonomies; Cardenas =
Cardenas Pain Classification; CUE = Capabilities of Upper Extremity instrument; Danish = Danish Tetraplegia Hand Measure;
Donovan = Donovan Pain Classification Scheme; DSEP = dermatomal SSEP; GRT = Grasp and Release Test; MMT = Manual
Muscle Test; MPI = Multidimensional Pain Inventory; QIF = Quadriplegia Index of Function; RELHFT = Rehabilitation Engineering
Laboratory Hand Function Test; SCIM = Spinal Cord Independence Measure; SEP = somatosensory evoked potential; SHT =
Sollerman Hand Function Test; Sympathetic = sympathetic reflex; Thermal = TPT; Torque = torque testing; VLT = Van Lieshout

Test: Tunks = Tunks SCI Pain Classification.

range of persons with SCI, reporting high ICC values
for all parameters evaluated. Interclass correlation co-
efficients for interrater and intrarater reliability of the
GRASSP components ranged from 0.84 to 0.98. Con-
struct and concurrent validity was established for the
GRASSP measure in this study by comparisons to The
International Standards for the Neurological Classifica-
tion of Spinal Cord Injury scores and to Spinal Cord In-
dependence Measures and Capabilities of Upper Extrem-
ity scores. No studies reported on the responsiveness of
measures as defined for this review.

Predictive Validity

Limited evidence regarding the predictive validity of
quantitative measures was found (Table 3). To assess pre-
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dictive validity, a study needed to explicitly evaluate corre-
lation (or similar measure of association providing an effect
size) between baseline quantitative measures and specific
functional or clinical outcomes measured at some later fol-
low-up time. All studies appear to have used convenience
samples; details of subject selection, number of individuals
eligible but not enrolled, and description of enrollment pro-
cedures were not provided in any of the studies.

Three studies that evaluated a correlation between
baseline or initial SSEPs and a specific clinical outcome
at a later follow-up time were included.*”"7 Data from
these studies suggest that SSEPs may be correlated with
ambulatory capacity,* as well as the Barthel Index and
motor index;!” however, the correlation was limited for
evaluation of bladder function recovery.’
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TABLE 1: Critical appraisal of included reliability studies of SCI*

Krameretal, Kingetal, Felixetal, Krassioukov Limetal, Kalsi-Ryan et

Methodological Principle 2010 2009 2009 etal., 1999 2005 al., 2012
broad spectrum of patients w/ expected condition NA NA NA NA NA yes
adequate description of methods for replication yes yes yes yes yes yes
blinded comparison of tests/interpretations NA yes NA NA NA NA
second test performed independently/timing appropriate NA NA NA NA NA NA
ICC or weighted « 20.70 in 250 patients NA NA NA NA yes yes
level of evidence 1% v v 1% v Il

* NA = criterion not met or not reported by authors.

In 1 study of recovery of ankle dorsiflexion, correla-
tion between MEP and the following outcomes was eval-
uated: maximal voluntary contraction, MMV, dexterity,
gait, and ASIA scores. Authors accounted for change over
time by calculating data as percentages (quotient 1-month
result/6-month result) for MEP amplitude, MMV at 2.4
Hz, and gait speed, and as differences (difference of
1-month result subtracted from 6-month result) for ASTA
motor score and Walking Index for SCI II score.??

Discussion

Evidence on the reliability of the quantitative mea-
sures selected for this review is limited, and the overall
quality of existing studies is poor. From the included
studies, it is not clear how the various tests may perform
across a broad spectrum of persons with SCI and during
the course of follow-up to include more acute and chronic
phases and complete and incomplete SCI. All studies
used convenience samples, leaving open the possibility
of selection bias.

Even though a measure may be reproducible, it may
not be valid. Classically, validity evaluates the extent to
which an instrument measures what it is intended to mea-
sure and involves comparison with an appropriate “gold”
standard that measures the “truth.” No such studies were
found based on the search conducted.

It is difficult to draw conclusions about the predic-
tive validity as defined for this review for a number of
reasons. To assess predictive validity, a study needs to ex-
plicitly evaluate correlation between baseline quantitative
measures and specific functional outcomes measured at
some later follow-up time. Few studies met these crite-
ria. Included studies may have been subject to selection
bias. Details regarding subject recruitment, inclusion/ex-
clusion criteria, number of eligible patients who were not
enrolled, and number lost to follow-up were not provided
in the studies.

A number of studies examined the usefulness of elec-
trophysiological measures and quantitative sensory test-
ing. Many of these studies failed to meet our inclusion
criteria because they were cross-sectional in nature; such
studies cannot evaluate predictive associations. For ex-
ample, the study by Curt and Dietz’ examined the correla-
tion between SSEP and hand function and concluded that
median and ulnar SSEPs were predictive of hand func-
tion. However, this study was excluded because it did not
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describe the timing of measurements or report strength
of correlation or effect size. It is possible that low SSEPs
are evidence of poor function but do not predict changes
in function. Another study of SSEPs and quantitative
sensory testing!' was excluded because it did not provide
information on timing of measures or data on correlation
between SSEPs and quantitative sensory testing.

The GRASSP is an SCI-specific quantitative mea-
sure of upper limb impairment. It was shown to have high
intra- and interrater reliability. As discussed above, the
GRASSP was shown to have construct and concurrent
validity, but responsiveness and sensitivity to change have
not been established as of this writing, although there are
ongoing studies.

Significant challenges remain regarding use of rou-
tine electrophysiological tests such as MEPs and SSEPs
in tracking recovery. Our review shows that dermatomal
SSEPs are more reliable (ICC = 0.97) and are responsive
to sensory recovery and possibly more useful than rou-
tine SSEPs. Dermatomal SSEPs allow for monitoring of
neurophysiological changes in spinal segments."* Motor
evoked potentials are the most commonly used quanti-
tative tests of corticospinal tract function, but the cor-
relation between amplitudes, latencies, and neurological
recovery is poor.®® More sophisticated electrophysiologi-
cal tests such as short intracortical inhibition,?® afferent
regulation of evoked potentials,® and H-reflex modula-
tion® have not been studied longitudinally. The BMCA
was originally designed to identify and characterize re-
sidual supraspinal CNS influence on motor output follow-
ing a severe SCI.!%22-25 In the BMCA, composite motor
unit activity recorded from multiple muscles is used to
indicate the state of spinal motor excitability relative to a
motor task requested or in response to maneuvers such as
deep inspiratory breathing and Valsava maneuvers.'6-22-25
The BMCA measures the amplitude, duration, and time
to peak of EMG activity of multiple muscles during stan-
dardized voluntary, passive, and reflexive maneuvers;
however, it has not been validated in longitudinal studies.
The BMCA has recently been modified into a new proto-
col, the functional neurophysiological assessment, which
assesses neurological recovery in thoracic and cervical
segments after SCI (see paper by Harkema in this issue).

Although a variety of tests are available for assess-
ment of autonomic function in SCI (see review by Prévi-
naire et al.?’), there were no studies that met our criteria
for reliability and validity studies, or predictive validity
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correlating autonomic testing results with clinical func-
tion, such as development of autonomic dysreflexia. De-
velopment of validated autonomic tests is urgently need-
ed because these are not currently evaluated as part of the
standard AIS clinical evaluation.!

Our results reveal a need for more studies of reliabil-
ity and validity of non—SCl-specific quantitative sensory
measures such as the THT and VBT. For EPT, ICCs for
both interrater and intrarater reliability were = 0.7 above
the sensory level of SCI, but were less reliable below the
sensory level. One recent study reported an ICC of 0.24
on normal dermatomes from patients with SCI, which is
much lower than what has been reported in previous stud-
ies.!** With the exception of this study, EPT appears to
be a reliable quantitative measure of sensory function.’

Conclusions

Evidence on the reliability and validity of the quan-
titative measures selected for this review is limited, and
the overall quality of existing studies is poor, with small
sample sizes and potential for selection bias. In summary,
there is some evidence that the EPT, dermatomal SSEPs,
and the GRASSP may be reliable for use in longitudinal
studies, but further studies in larger samples are needed.
These measures are recommended as adjuncts to the AIS.°
Future studies must also address the concept of minimal-
ly clinically important difference of these recommended
measures, and unestablished quantitative measures need
to be further evaluated in prospective longitudinal stud-
ies.! It is also important to establish the predictive value
of these tests by comparing them to specific future AIS
and functional outcomes.
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