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Spinal cord ability ruler: an interval scale to measure
volitional performance after spinal cord injury

R Reed1,13, M Mehra2,13, S Kirshblum3, D Maier4, D Lammertse5, A Blight6, R Rupp7, L Jones8, R Abel9,
N Weidner7, EMSCI Study Group10, SCOPE11, A Curt12 and J Steeves1,11

Study design: Retrospective statistical analysis of database.
Objective: Spinal cord injury (SCI) clinical trials are challenged to enroll participants, and early trial outcomes have often been
equivocal. We hypothesized that a specifically designed novel true linear interval-scaled outcome measure targeted to simultaneously
track a broad range of SCI will enable more inclusive enrollment of participants and valid comparisons of functional changes after SCI.
Methods: To define a single SCI measurement framework, we used items from existing measures. To evaluate linearity and validity of
the measure, we used rigorous psychometric Rasch analysis on two data sets from over 2500 traumatic SCI participants (all levels and
severities of SCI) within the EMSCI (European Multicenter study about SCI) database.
Results: Volitional performance was found to be the unidimensional construct that would detect and track a treatment effect from a
central nervous system-directed therapeutic. Along with early evidence for voluntary neurological control of upper-extremity muscle
contractions, volitional performance is best described by goal-directed activities of daily living that are increasingly difficult to
re-acquire when activity within more caudal spinal segments is required. Validity of the Spinal Cord Ability Ruler (SCAR) as a linear
interval construct was confirmed with Rasch analysis. All measurement items were properly ordered, as well as being precise and stable
across clinically relevant groups. Only 5/24 items had some misfit. Targeting was excellent over time after SCI, with few gaps and only
modest floor and ceiling effects (3% each).
Conclusions: SCAR is a quantitative linear measure of volitional performance across an inclusive range of tetraplegic and
paraplegic SCI.
Spinal Cord (2017) 55, 730–738; doi:10.1038/sc.2017.1; published online 21 March 2017

INTRODUCTION

Spinal cord injury (SCI) is a rare disorder (12 500 injuries per year in
the US) that represents a significant unmet medical need.1 Despite the
conduct of clinical trials with different promising candidate treatments
for SCI, based on well-defined animal models, it has been difficult to
convincingly demonstrate a treatment effect in humans. Part of the
uncertainty surrounding SCI clinical trial outcomes might be removed
if there was an outcome tool that created a more sensitive and linear
interval-level measure, which could be utilized for measuring changes
in volitional performance in most potential SCI trial participants,
regardless of level or severity of injury.
Rating scales have been designed to describe or classify various

aspects of impairment or disability after SCI. The International
Standards for Neurological Classification of Spinal Cord Injury
(ISNCSCI), the Functional Independence Measure (FIM) and the
Spinal Cord Independence Measure (SCIM) represent commonly used
ordinal scales to assess outcomes after SCI.2–5 The total score of these
multidimensional rating scales is computed by summation of the
scores from individual items in the scale. However, due to the ordinal

nature of each item in these scales, it is not clear to what extent a
change in the total score accurately represents the overall functional
capacity of an individual living with SCI.3 The interval between any
two values within an item may be unknown or unequal (that is,
nonlinear). Furthermore, a 1-point difference in an easy item is likely
not the same as a 1-point difference in another more difficult item.
For example, ISNCSCI classifies patients by upper- and lower-

extremity muscle strength and sensory perception. The motor score is
based on the voluntary strength of key muscles (myotomes) and is
similar to the well-described 6-point Medical Research Council
classification of muscle strength.6 Scoring methods such as changes
in upper-/lower-extremity motor scores (UEMS/LEMS) are frequently
applied as endpoints in interventional clinical studies. However, it is
common understanding that this is an ordinal scoring method, and
any change along the motor scores ranging from 0 to 5 is non-interval
in nature and limits quantitative comparisons across different levels of
motor function. People living with SCI gain little functional ability
when improving from 0 to 1, whereas a similar magnitude of change
(that is, a 1-point motor score change) with a transition from 3 to 4
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may actually enable functionally effective movements.7 Recent evalua-
tions of motor scores in SCI suggest that the UEMS and LEMS consist
of distinctly different domains, and should be reported separately.8

Finally, total UEMS and LEMS scores are difficult to interpret, as the
same total score can be obtained with many distinct combinations
of individual item scores across the key muscles, and therefore they
lead to differing functional abilities.8

Functional activity assessments (that is, any version of FIM or
SCIM) describe independence in activities of daily living (ADL). The
SCIM was developed specifically to assess multiple dimensions
(domains) after SCI and includes commonly accepted voluntary
ADL tasks, as well as involuntary (autonomically influenced) bladder,
bowel and respiratory functions.2 Despite its ordinal, multidimen-
sional nature, a sum of weighted scores is typically calculated. Some
favorable psychometric properties (that is, test/re-test and inter-rater
reliability) have been reported on SCIM.9 Interestingly, a Rasch
analysis study of SCIM reported distortion or misfit within several
items, although no changes were made to the SCIM assessment scores
to improve the validity of the assessment.10 Despite concern about the
non-interval nature of SCIM and ISNCSCI, these scales are being
applied in clinical settings to evaluate recovery patterns across different
types of human SCI,11,12 although it is likely that each of these
measurement tools may not be equally effective in detecting
and tracking a subtle or meaningful change across all levels and
severities of SCI.
Current incremental and sequential enrollment strategies have led

to expensive and operationally challenging multi-year trials and/or
truncated studies with insufficient number of subjects (power) to
detect a potential benefit of a therapeutic intervention. However, in an
already rare disorder, what is needed for an inclusive enrollment
strategy is a linear (interval level) outcome measurement tool that can
be accurately and reliably utilized to track functional changes across a
broad range of SCI levels and severities. Achieving such an outcome
measurement tool does not remove the need to compare similar
(homogeneous) cohorts within an inclusive trial protocol with
stratification as appropriate.13,14

There is nothing inherently wrong with categorizing motor
functions or independence in ADLs to describe clinical conditions.
It should be remembered that ISNCSCI, FIM, SCIM and many other
classification scales were not designed as trial outcome measures.
According to well-developed statistical knowledge using Rasch
measurement theory, the current ordinal ISNCSCI and SCIM scoring
have limitations in measuring treatment benefit accurately.
As in the physical sciences, attempts to make meaningful measure-

ment estimations using categorical or ordinal rating scales should
focus on one dimension at a time and not attempt to conflate 2 or
more domains into a single score. In addition, measurements should
also be based on hierarchical ‘more than/less than’ decisions that are
invariant across important participant characteristics such as SCI level
and severity. Finally, any proposed measure should be quantitatively
tested and validated using rigorous psychometric methods to deter-
mine the following: (1) a legitimate interval score can be generated;
(2) the selected scoring options are reliable and free from excessive
variability (for example, assessment error); and (3) the scale maintains
adequate construct validity and measures the attributes it purports
to measure.15,16

The SCAR project was intended to determine whether a subset of
already existing assessment items could be combined and modified
with good measurement principles to create and validate an interval
measure with precision across a broad range of SCI severities and
injury levels. SCAR provides an accurate scale for detecting potential

treatment effects, allowing for inclusive SCI protocols and thereby
improving clinical trial efficiency.

MATERIALS AND METHODS

Data selection
De-identified data from the European Multicenter Study about Spinal Cord
Injury (EMSCI), collected from July, 2001 to December, 2015, were extracted
for analysis. The Ethical Committee of the Canton of Zurich, Switzerland, has
previously approved the European Multicenter study about Spinal Cord Injury
(EMSCI) project, upon which this project is based, and this approval is valid for
any statistical data analysis presented here. EMSCI contains among others
ISNCSCI and SCIM assessments from a broad range of individuals with
traumatic and ischemic SCI. We accessed traumatic SCI records only for this
analysis. Records consisted of tetraplegic and paraplegic injury (45% and 55%,
respectively), with all degrees of severity (AIS A (45%), B (13%), C (17%),
D (24%) and E (1%)). Baseline neurological level of injury (NLI) from
C1–S2 were included. Male participants comprised 79% of records, and age at
injury ranged from 13 to 94.
Two mutually exclusive and randomly selected sets of 3000 observations

were extracted from this EMSCI traumatic injury data set. Participants had
assessments at one or more of the following time points: 0 to 15 days, 16 to
40 days, 70 to 98 days, 150 to 186 days and 300 to 400 days after injury. The
first data set (model development data set) was used to evaluate the
psychometric properties of SCAR and contained data from 1305 participants.
Results were reviewed, and changes to the analysis were proposed where
clinically appropriate. The second data set (validation data set) contained
data from 1280 subjects and was used to independently confirm the initial
Rasch analysis results. After this confirmation, the entire EMSCI traumatic data
set (7518 records from 2777 participants) with dates of assessment up to
December 2015 was used to produce the final scale metrics.

Development of hypotheses
A combined working group (organized by SCOPE and EMSCI) of measure-
ment experts, statisticians and SCI clinical investigators met on an ongoing
basis for the following reasons: (1) to identify a single fundamental concept to
measure clinical outcome targets; (2) to generate testable hypotheses around
a conceptual framework; (3) to select conceptually appropriate items from
within ISNCSCI and SCIM that are clinically relevant; and (4) to rigorously test
the psychometric properties of the assessment tool using Rasch analysis.
Conceptually, the working group proposed volitional performance as the

unidimensional metric to measure CNS-directed treatment outcomes for all
types of SCI studied in acute and sub-acute SCI trials. Volitional performance is
defined as voluntary task-specific physical actions contributing to independence
in ADLs (for example, specific SCIM items associated with voluntary
movement). Furthermore, it was hypothesized that volitional performance
items that involve the use of muscle groups increasingly caudal (distant) to the
NLI are more challenging to re-acquire and would require recovery of CNS
function at more caudal spinal levels to perform. Finally, underlying and often
preceding the performance of any volitional performance items are testable
upper-extremity muscle contractions (for example, voluntary movement
against some or normal resistance). Thus, the UEMS items for each cervical
cord segment can be a useful metric when SCIM items cannot be performed,
such as very early after SCI.
There is, however, at least one type of cervical SCI that will not follow these

hypotheses and that is central cord syndrome (CCS). CCS has not been
rigorously defined, but is characterized by greater sustained impairment in the
arms and hands relative to that in the legs (without necessarily a gradient from
rostral to caudal cervical levels). As individuals with CCS will have persistent
functional deficits within the upper extremity, they will not fit the hypothesized
rostral-caudal segmental continuum for the reacquisition of more difficult
tasks. Uniform and globally accepted diagnostic criteria of CCS are lacking.17

Through the evaluation of motor-evoked potentials, it has been shown that
central and peripheral motor pathways, devoted to the motor control of
the hands, are more affected after cervical SCI than those devoted to the
lower limb.18 However, CCS is a problematic diagnosis without extensive
electrophysiological measurement, and a syndrome that is still controversial as
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to its incidence and prevalence. A definition based on a difference of at least
10 points in the total UEMS and LEMS has been proposed, but total UEMS and
LEMS scores are also difficult to interpret, and most expert advisors felt that
applying this single criterion to the diagnosis of CCS is insufficient for research
purposes.17

As CCS has been characterized by greater impairment in the hands relative to
that in the legs and our model indicates that, for cervical injuries, items
assessing more distal muscle groups responsible for ambulation tasks should
have poorer outcomes than more proximal muscle groups responsible for
hand-related tasks (for example, self-care). CCS was defined functionally for
our purposes as a mild cervical SCI where SCIM items assessing voluntary
ambulation (for example, walking) were functionally equal to or better than
those SCIM items assessing hand function. There can be many reasons
contributing to such a characteristic pattern, and CCS is but one explanation.
Nevertheless, all participant data with this characteristic recovery pattern were
removed from the analysis. This resulted in approximately 9.8% of records
being removed, which is very likely a greater percentage of people than the
number who actually have CCS.

Statistical analyses
Rasch methods as they relate to statistical analysis and the methodology used to
validate outcome tools in clinical trials are explained in greater detail
elsewhere.19 Application of the Rasch measurement model is a useful tool to
construct measurement scales with good psychometric properties (for example,
unidimensional, invariant, responsive to measure a change with an interval-
level scale).15,16,19,20

Rasch analysis fits a special type of logistic regression model that evaluates
whether the selected items measure a single concept on a linear continuum.
The central aspect of Rasch measurement is that a person’s completion of an
item/task is governed only by his or her ability, and how difficult each item is to
perform. On the basis of this construct, Rasch analysis first models the
probability of responses on each item assessed and then, using maximum
likelihood estimation, establishes a total score for each participant by how he or
she performed on each item in the scale. It evaluates the legitimacy of this total
score by assessing how well the sample data performed as predicted by the
Rasch model along the linear continuum. The difference between observed
and modeled results is described as item fit and indicates the degree to which
a reliable, valid measure is achieved.15,16,19,20

Determination of item fit to the Rasch model was based on the combined
assessment of several indicators as follows: the ordering of response options
(that is, scoring choices for each item), two statistical indicators (fit residual and
chi-square) and the evaluation of item characteristic curves or ICCs.15,16,19

Description of these indicators may be found in conjunction with the data

presented in the Results section. Items that do not fit within the acceptable
range were further investigated for cause. Additional statistical characteristics of
the Rasch model were also tested, including the following: scale-to-sample
targeting (that is, how well the constructed scale measured the participants and
how well the data from participants was able to construct the scale), local
independence of items and scale reliability (Person Separation Index, or PSI,
comparable to Cronbach’s alpha).15,16,19,20 A Bonferroni adjustment was used
to account for multiple statistical comparisons. Rasch analysis was performed
using RUMM 2030.21 Statistical details of the Rasch methodology used and
psychometric properties of SCAR will be included in a future publication.

RESULTS

Measurement concept and hypotheses
There is common agreement that recovery of motor function after
SCI is of high clinical priority as it is fundamental for improved
ADL outcomes. We chose to focus on volitional performance as
the underlying single dimension for tracking recovery over time.
Volitional performance was defined as task-specific physical actions
that are voluntary in nature and contribute to independence in daily
living. These physical actions focused on volitional ADLs as outlined in
SCIM and include self-care, transfer and mobility items. Underlying
the performance of these volitional ADLs, and testable at an early time
point after SCI, are meaningful and controlled muscle contractions
(defined as voluntary movement against some resistance). These
voluntarily initiated and guided muscle contractions are the ‘building
blocks’ of volitional performance. More importantly, at early time
points after cervical SCI, SCIM items cannot often be measured, but
cervical cord motor scores can be measured, and recovery of
functional upper-extremity muscle contractions often precede the
reacquisition of ADLs.
For a measure to be applicable for the assessment of all individuals

with SCI, it must evaluate a wide spectrum of voluntary actions in
a graded fashion, from complete tetraplegia with severe motor
impairment of upper and lower limbs to less affected performance
of volitional ADLs in people with more caudal incomplete paraplegic
lesions. To ensure comprehensiveness of the measure, a modeled
continuum of traumatic SCI was developed that identified the range of
volitional performance deficits following SCI. In the model, some
degree of paralysis or paresis occurs at all anatomical levels caudal to
the NLI, whereas above the lesion there is normal function. Function
below the lesion depends on several factors as follows: NLI, severity of
SCI (relative degree of complete versus incomplete SCI), extent of any
partially preserved functions after SCI, and the fact that lower- and
upper-extremity muscles are innervated by more than one spinal
segment.5 Depending on these factors, paralysis at all spinal levels
below the lesion may be complete or partial, resulting in an inability or
a limited ability to independently perform functional voluntary muscle
contractions or volitional ADLs using muscle groups dependent on
innervation from nearby spinal levels.
Thus, we hypothesized that residual voluntary control of muscle

groups increasingly caudal to the NLI of SCI is decreased
(not necessarily linearly), and therefore ADLs requiring the use of
these muscle groups are increasingly more difficult to perform (that is,
re-acquire). When no volitional ADLs can be performed without
complete assistance (for example, at early time points after SCI),
voluntarily controlled muscle contractions within the upper extremity
still represent a measurable component of volitional performance, and
extend the measurement of volitional performance to include and
subsequently track participants from time points immediately after
SCI (Figure 1).

Figure 1 Model of volitional performance after traumatic cervical SCI. Study
participants with greater volitional motor performance would move toward
the right in the conceptual model. At very acute time points after SCI,
improvements in volitional motor activity within the cervical cord can be
assessed by manual muscle testing (UEMS). As recovery progresses, ADLs
are recovered in a rostrocaudal direction along the spinal cord, with the
more difficult ADLs requiring functional neural circuits within increasingly
more caudal spinal segments.
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The SCAR conceptual framework
Broad consensus exists across the clinical field that fundamental ADLs
consist of the following: feeding, grooming, bathing, dressing,
transfers, bowel/bladder function and ambulation.22 Because of the
dependence of respiration on high cervical cord function, respiratory
function is also often monitored as an ADL item and included in
SCIM.2 Regardless of their importance after SCI, respiratory and
bowel/bladder function have only some degree of voluntary control
and are ultimately activated by involuntary mechanisms mediated by
the autonomic nervous system.23,24 Therefore, these ADLs were not
considered as being completely within a volitional performance
measurement framework. As SCIM was developed specifically
for SCI, all items from SCIM representing measurement of
volitional ADLs were adopted for the framework, except most items
from the respiration and sphincter management section of SCIM
(SCIM sub-score 2). More importantly, the inclusion of respiration,
bladder and bowel function automatically means the original SCIM
scale is multidimensional, and thus it can never be developed into
a continuous linear, interval measure; it remains an ordinal scale that
describes a person on the basis of weighted categories across multiple
domains. We were seeking to develop a continuous quantitative
interval-level measure for SCI.
Where possible, level of independence in volitional SCIM items was

confined to four options as follows: complete dependence on
assistance from others, partial dependence on assistance from others,
independence with devices and independence without devices. These
response options or scores for each SCIM item were based on
literature reviews of clinically meaningful activity changes after
SCI2,3,22 and input from the working group. Thus the necessary
re-scoring preserves the range found within conventional scores
for individual SCIM items, but removes any misfit or disorder
(i.e. variability in the selection or assignment of a score; for further
explanation see below).
Likewise, the scoring options for each key upper-extremity (C5–C8)

muscle contraction in INSCSCI were simplified into the following
three choices that represent meaningful gradations in voluntary
muscle activity: none, non-functional and functional muscle

contraction (that is, movement against moderate or full resistance,
MRC ⩾ 4).5–8 UEMS for T1 and LEMS for L2–S1 cord segments were
not included in SCAR, as SCIM items adequately characterize
volitional performance in this range (that is, functional paraplegia)
and LEMS was redundant.
In brief, a total of 24 volitional performance items from ISNCSCI

and SCIM using the above defined response options were included
in the conceptual framework outlined in Figure 2. Justification for the
re-scoring is provided below.

Measurement properties
It is often believed that more scoring options provide more useful
information and allow researchers to better discriminate meaningful
transitions for an item. Although more scale points have the potential
to increase precision, there is a limit to a person’s ability to reliably
differentiate between adjacent scores. It is equally possible that beyond
a certain point, numerical scoring options will not enable researchers
to reliably distinguish a meaningful transition, but instead describe
a change that has little or no utility and result in inconsistencies across
examiners.25 This loss of clarity is demonstrated quantitatively by
Rasch analysis when scores for an item have disordered probabilities
for being selected and do not follow a logical sequence of increasing
intensity in function or ability.15,16,19,20 This indicates that the item
is not working as intended to measure the concept, and results
in increased variability in item scoring and a reduction in the
scale’s reliability.
An example of an ordered SCAR item (mobility indoors) compared

to the same item using the original scoring options defined by the
SCIM, is graphically displayed in Figure 3 (a and b, respectively). The
probability of a response on the y-axis is plotted against the ability
of a population to achieve distinct scores along the x-axis. For the item
to be reliably ordered, each response option should have the highest
probability of occuring at some point along the x-axis, as identified by
the peak of each bell-shaped curve being above all others. This order
would be expected if the response options represent an increasing
difficulty to perform or achieve the item. The scoring options in
Figure 3a (original SCIM scoring) are disordered because the curve for
scores 4 to 7 never provide a distinct peak that is above all others at
some point along the x-axis. This indicates a source of inconsistency in
scoring, as it is possible to score a participant with very similar
volitional performance anywhere from 3–8 for this item. Conversely,
when the response options were limited to only denote meaningful
transitions (Figure 3b), the scoring options become ordered, so each
response option (score) is most likely to be selected until the next
ordered score becomes the more likely occurence, based on the
person’s volitional performance.
In accordance with our findings, Rasch analysis of the original

SCIM III scoring options by Catz and colleagues indicated that 8 of
19 identifiable items (50%!) had disordered thresholds.2,10 Ignoring
this disorder was not an option if we wanted to generate a quantitative
continuous interval-level linear scale such as the SCAR. Overcoming
the inconsistent item scoring on the SCIM II/III by the identification
and introduction of meaningful response options (Figure 3a) both
improved scale precision and generated a legitimate total SCAR score
that fit the Rasch model for each EMSCI participant, regardless of level
or severity of SCI.
Part of the activity of the working group was to evaluate interim

results of the Rasch analysis during the development phase with the
model development data set to understand how items and response
options (scores) were performing as a measure of independence
in volitional performance. After review, the ‘Grooming’ item was

Figure 2 Conceptual framework of SCAR measure. The conceptual
framework for volitional performance (Figure 1) creates an objective interval
measure after SCI. It has a scoring scale focussed on meaningful transitions
extending from complete dependence to independence in task-specific
physical actions without the need for adaptive devices. Volitional cervical
cord motor activity (as assessed by UEMS) increases the linearity of the
measure when the most basic volitional ADLs, as assessed by voluntary
SCIM activities, cannot be performed independently (e.g., during the very
acute period after cervical SCI). For these cervical motor scores, the desired
recovery goal would be active movement against moderate to full resistance.
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re-scored by the working group to combine the response options of
‘independence with devices’ and ‘independence without devices’.
These review processes were a fundamental step to improve the

scoring response options and required a careful discussion between
clinicians and statisticians to find the most clinical meaningful and
productive scoring scale. After these adjustments were made, all
scoring options displayed proper ordering in the model development
data set. Analysis of the ICC curves indicated an overall good
concurrence between observed and expected values. Scale reliability

was supported by a high Pearson Separation Index (PSI; a measure
analogous to Cronbach’s alpha) and was calculated at 0.97 out of 1.
The psychometric characteristics of the validation (second) data set
were very similar to that of the model development data set, including
the following: targeting, ordering, residual correlations and ICC curves
with the two statistical tests of fit being similar. The PSI was also
0.97 within the second data set.
On the basis of the similarities between the test and validation data

set, the entire EMSCI data set with 8486 observations across 2923
participants was then used to construct SCAR. Reliability of the SCAR
remained high and consistent across repeated EMSCI data sets at 0.97.
A description of the psychometric properties of the SCAR, using the
entire data set, is described below.

Scale-to-sample targeting
SCAR was designed to measure the full range of volitional perfor-
mance deficits regardless of level or severity of SCI. Assessment time
points up to 1 year after SCI were available for inclusion in our
analysis. For a linear interval-level scale to target this population well,
items and the scoring options should measure different and
meaningful aspects of volitional performance and, based on the
difficulty in performing the items, be distributed broadly and regularly
(like notches on a ruler) along the entire range of capability for the
sample population, ensuring comprehensive measurement precision
along the entire range of SCAR. As SCAR was determined to be an
interval-level scale and Rasch analysis was used to create a total score
for each participant, it is legitimate to combine each participant’s score
and the difficulty rating of the item on the same scale to inspect scale-
to-sample targeting, as shown in Figure 4.
The upper histogram in Figure 4 represents the distribution of

participant assessments over the first year after SCI. His/her volitional
performance score distributes each participant relative to others, with
greater ability located toward the right. The lower histogram repre-
sents the relative location of the various scores for each ISNCSCI and
SCIM item. The location of each item score is determined by how all
the SCI participants performed on that item, with scoring options
from items that fewer participants could successfully perform (that is,
those with increased difficulty) appearing toward the right.
Response options or scores for SCAR are distributed widely across

the entire range of the measurement scale, and the majority of
participants are situated widely, but predominantly in the middle

Figure 3 Disordered and ordered scoring of SCIM activity tasks—SCIM
mobility indoors item before (a) and after (b) re-scoring. The probability of a
scoring option being used to describe a person’s capability for each
designated SCIM activity task is plotted against the likelihood of that score
within the item’s rating scale being distinctly selected (450%). The
example here is the mobility indoors item from the SCIM using the original
scoring options defined by the SCIM II/III (a) compared to the same item
using re-scored options according to Rasch analysis (b). If each score within
the item’s scale (see tables) represents a meaningful change in the
performance of the item, then each score should have the highest
probability of distinctly occuring along the x-axis. (a) Scoring options (0–8)
are disordered because the probability curves for score 1, 5, 6 and 7 never
achieve a distinct peak that is above all others at some point along the
x-axis. This indicates it is possible to score participants with very similar
volitional performance with different and variable scores. (b) Conversely,
when the response options were limited to only denote meaningful
transitions for a SCIM item, each score (0–3) has the highest probability of
being selected until the next meaningful improvement in volitional
performance is attained and becomes more likely.
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range of the scale (Figure 4). Scale-to-sample targeting of the SCAR
indicates good targeting with only some small gaps at the left and right
margins of the scale. Ceiling effects of only about 3% and floor effects
of around 2.4% were observed in the data set (Figure 4) and are to be
expected because of the inclusion or deterioration of some participants
graded as having no volitional segmental motor activity at C5 (located
on the left side and interpreted as a floor effect) and those assessed to
have a perfect score on the SCAR and have subsequently moved to a
location at the far right-side edge of the scale (that is, a ceiling effect).

Ordering of scale items and response options
Beyond targeting, Rasch analysis highlights the strengths and limita-
tions of a scale by demonstrating that items and response options
map out along a proper hierarchical ‘more than/less than’ structure so
that intensity of the attribute can always be estimated along a linear
continuum. Figure 5 provides an alternative display of SCAR items
with increasing difficulty arranged vertically by the average difficulty of
their respective scoring option thresholds (listed in the legend), with
more difficult items toward the bottom. The relative ordering
vertically is as would be expected based on both the volitional
performance model and clinical judgment of the working group.
Response options (scoring) for each item are also located with proper
ordering in a logical sequence of increasing intensity horizontally, with
more difficult categories toward the right. The transition points
between the response options for each item form a diagonal line of
increasing intensity from top left to bottom right across the figure,
indicating each item is working as a series of meaningful transitions
intended to measure a particular range of volitional performance.
When these transition points are represented horizontally along the
volitional performance continuum, they become the notches on the
SCAR scale, as shown by the lower histogram in Figure 4.
To represent an individual’s location along the SCAR depicted in

Figure 5, you would extend a vertical line upwards from the base that
best describes a person’s SCAR score in terms of the items they can
accomplish at that assessment time. Any subsequent change in the
person’s ability to successfully achieve more or less ISNCSCI or SCIM

items during recovery would move the individual’s location to the
right or left, respectively. It should be noted that a logit score can be
easily transformed mathematically into a score on a range from 0 to
100 using the following formula:

Value on 0 to 100 scale ¼ value on logit scale� lowest value on logit scaleð Þ
highest value on logit scale� lowest value on logit scaleð Þ ´ 100

Statistical measures of fit
The residual test of fit examines the response of each participant to
each item, and provides evidence that an item might discriminate
between levels of transition for the concept (in this case volitional
performance) either more or less than the model predicts. In Rasch
analysis, item over-discrimination (negative values) and under-
discrimination (positive values) are equally undesirable.19 For the
entire data set, the majority of items (19 of 24 items) had residuals that
fit within the acceptable range.19 Of the five items that had fit residuals
outside the acceptable range, two items ‘Use of Toilet’ and ‘Bathing
Upper Body’ had larger values, whereas the remainder ‘Transfer from
bed to Wheelchair’, ‘Mobility Over Moderate Distances’ and ‘Bathing
Lower Body’ were just slightly outside the acceptable range.
The χ2 test of fit examines the item–scale relationship. The mean

score for groups of participants with similar total scores (classes) are
estimated for each item, and the magnitude of divergence of this
observed mean score from the value predicted by the model is
estimated. If the observed to expected difference is statistically
significant, the item should be further examined for cause. In the
entire data set, one item ‘Bathing Upper Body’ had χ2 probabilities that
were statistically significant after adjustment for multiple comparisons.

ICC curves and item stability across clinically meaningful
subgroups
Another indicator of item fit to the Rasch model is the ICC curve. This
indicator provides a tool to assist in the analysis of discrepancies in the
two statistical measures of fit through visualization and statistical

Figure 4 Person–item distribution of SCAR across tetraplegic and paraplegic AIS A–D participants at acute through chronic assessment time points. The
upper histogram represents the frequency distribution for volitional motor performance of 2777 people living with traumatic SCI (tetraplegic and paraplegic,
without suspected central cord syndrome) against increasingly difficult activity tasks (from left to right in lower histogram) over the first year after SCI.
Participants with greater volitional motor performance are located toward the right in the upper histogram. The lower histogram represents the relative
location of the various scores along the SCAR item scale with more difficult scoring options placed toward the right. The person–item distribution provides
visual confirmation of the most responsive part of the scale.
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analysis of how clinically relevant subgroups within the above
mentioned classes perform for each item. An important premise of
Rasch analysis is that participants located at the same position on the
SCAR should have the same expected value for any single item at that
location, regardless of whatever clinically relevant group to which they
might belong (for example AIS A or AIS D). Differential item
functioning (DIF) represents the extent to which observed data
violates this ideal premise across these clinically relevant groups. For
the SCAR, DIF was evaluated by gender, age (o70 versus ⩾ 70),
AIS (ASIA Impairment Scale) classification (AIS A–E) and injury
level (cervical, thoracic, lumbosacral). No statistically significant
DIF was observed in any subgroup identified after adjustment for
multiple comparisons.

Local independence of items
In well-functioning scales the error in response to one item in a scale
should be independent of the error in response to any other item.
Local dependence, analyzed by looking for correlations among item
residuals (observed–expected item values), should be low. Only 1 item

pair out of 276 possible combinations (‘mobility indoors’ paired with
‘mobility over moderate distances’) had residuals that were modestly
correlated (40.6) indicating a probable overlap between the ability
required to perform these two tasks.

DISCUSSION

SCAR focuses on a single underlying measurement construct
(volitional performance) by combining select items from two
common clinical assessment tools (ISNCSCI and SCIM) where the
item response options (scoring) were adjusted to track meaningful
transitions in muscle function and ADLs. The results from the model
development revealed good measurement properties and generated
a validated linear interval-level measure with repeatable precision
across a broad range of SCI levels and SCI severities with the exception
of those individuals suspected of having a CCS. On the basis of the
stringent Rasch criteria that the SCAR satisfies, inclusive SCI clinical
trials will benefit from applying this methodology as an outcome
measurement tool that will include and track changes in volitional
performance including ADLs across the majority of SCI study
participants. Fortunately, clinical investigators do not have to adjust
their scoring of ISNCSCI or SCIM items, any adjustment can be easily
made as part of the statistical analysis according to the criteria
validated by Rasch modeling.
The international SCI community established nearly a decade ago

that no CNS-directed therapy should be considered effective unless it
improves the ability of people to independently complete common
ADLs.11,12,26 SCI causes deficits in multiple domains of functioning26

that occur to different extent and degree in the overall patient
population, as well as recover to different degrees and at different
rates. In general, to accurately assess beneficial treatment interventions
in experimental participants when compared to appropriate controls
requires a thoughtful identification and rationalization of the specific
health measurement construct to be utilized, along with its range of
impact and rate of spontaneous recovery.27

The Spinal Cord Outcomes Partnership Endeavor (SCOPE) recom-
mends that scales used in SCI should, apart from having adequate
documentation of scale validity and reliability, be capable of providing
accurate and quantifiable information regarding therapeutic benefit.26

Accordingly, a higher score should always indicate a more favorable
outcome with interpretable differences across scores. However, with
current ordinal assessment scoring scales (for example, ISNCSCI and
SCIM), the same sum score can be obtained with a variety of item score
combinations. Thus, because of the inherent variability within these
ordinal scales, two patients with similar scores can have markedly
different functional abilities.3,8 Therefore, if scale sum scores (or sub-
scores) do not consistently measure meaningful transitions of scale items,
they cannot be expected to accurately measure a treatment benefit.
The large number of records from the entire EMSCI data set

calibrates the scale locations for the SCAR items, augmenting the
precision of item location estimates and enabling the precise scoring
and tracking of an individual in future acute and sub-acute clinical
trials where the SCAR can be utilized. The SCAR has been shown to
be precise in measuring a participant’s volitional performance at time
points up to 1 year post injury. More importantly, it accomplishes this
with fewer response options (scores) for most items than used in the
original assessments. This may seem counter-intuitive, but for ordinal
scales, more scoring choices can just as likely contribute to rating
indecision and thus reduce the accuracy of the assessed outcome and
the reliability of the item score.15,16,19,22,25

It is important to note that even though a broad range of tetraplegic
and paraplegic SCI were included over an assessment timeframe of 1

Motor C5 R

Motor C5 L

Motor C6 R

Motor C6 L

Motor C7 R

Motor C7 L

Motor C8 R

Motor C8 L

Grooming

Feeding

Bathing Upper Body

Dressing Upper Body

Mobility in Bed

Transfer Bed–Whch

Transfer Whch-Toilet

Bathing Lower Body

Dressing Lower Body

Transfer Whch-Car

Use of Toilet

Mobility <10 M

Mobility 10-100 M

Transfers Whch-Ground

Mobility >100 M

Stair Management

Comparative Success 0 25 50 75 100
Low Volitional Performance High

No Movement / Total Dependence
Non-Functional Movement / Partial Dependence
Independent with Assistive Devices
Normal Movement / Independent 

Figure 5 SCAR items by difficulty and response options. SCAR items are
arranged vertically by their relative difficulty to perform after SCI, with more
difficult items situated toward the bottom. Each item’s scoring options are
indicated by the horizontal scale (at bottom of figure), with greater
independence in each item increasing toward the right. Note there are only
three transitions for UEMS (no movement, non-functional movement and
normal movement), but often four transitions for selected volitional SCIM
items (dependence, partial dependence, independence with assisting devices
and independence). The transition points between the scoring options for
each item form a diagonal line of increasing demands from top left to
bottom right, indicating each item is working, as intended to measure a
particular range of volitional motor performance without significant item
disorder.

Spinal cord ability ruler
R Reed et al

736

Spinal Cord



year post injury, floor/ceiling effects were low and the vast majority of
assessments were spread out broadly, but predominantly within the
most sensitive (middle) range of the SCAR (Figure 4). This gives
confidence that the SCAR will precisely score a broad range of
SCI participants and track any changes that may occur during the
first year after SCI for all participants, except those with CCS. It is
possible that SCAR could be used to track study participants over a
longer time period, but EMSCI data does not provide assessment data
at longer time intervals.
The Rasch-transformed SCAR scores generate numerical scores on

an interval scale, which permit analysis of continuous data using more
powerful parametric statistics. Equally important is the original scores,
normally used in the assessment of ISNCSCI and SCIM, that do
not have to be altered during assessments. ISNCSCI and SCIM II/III
assessments can continue to be administered in the normal manner,
and the Rasch-validated rules will allow a skilled statistician to easily
convert those original scores into ordered SCAR scoring options. The
SCAR scores can then be utilized as the primary clinical endpoint,

providing a more precise methodology to evaluate therapeutic efficacy
based on improvements in volitional performance for each trial
participant relative to an appropriate control group.

Limitations and future studies
Although use of the Rasch-transformed SCAR scores provides a more
efficient and precise measure of treatment interventions, some
questions/limitations remain to be addressed in future studies.13,14

Perhaps the most obvious limitation is the presence of CCS.17,18 As we
can broadly identify these individuals at later time points after SCI, we
can now determine whether there is a modification to the scale that
would allow us to predict their natural history of recovery and
accurately locate and track such individuals along the SCAR.
Use of the SCAR does not obviate the need for treatment group

stratification based upon baseline prognostic factors likely to impact
subsequent outcomes (for example, derived from unbiased recursive
partitioning13,14). Relevant stratification techniques should also be
used to ensure that the treatment arms in a study population are well

Table 1 Sample size calculations for hypothetical acute or sub-acute SCI clinical trials with SCAR versus SCIM scale as clinical endpoint

Abbreviations: N, participant sample size; mean, average score; MDD, minimal detectable difference; s.d., standard deviation; s.e.m., standard error of the mean; SDD, smallest detectable difference.
Table 1 highlights potential differences in the necessary sample size for an inclusive acute or sub-acute cervical SCI clinical trial when using SCAR (spinal cord ability ruler) or SCIM (spinal cord
independence measure) III as a clinical outcome tool. In both examples, the same study participants have been selected (upper panel). Hypothetical participants are between the ages of 18–70 and
have either a complete or incomplete C4–C7 cervical SCI. At baseline (acute ⩽2 weeks after SCI; sub-acute=1 month after SCI), each participant must have a minimum SCAR score of 10/100
and no more than a maximum of 70/100. The hypothetical trial end time is 6 months after SCI. As can be seen in the subsequent tables (A, B), the mean change and standard deviation over the
study duration is greater ( ~ double) when using the SCIM as a functional outcome measurement tool (panels B). This contributes to an almost fourfold decrease in the required number of
participants per study arm for a statistically valid trial when using the SCAR tool as an outcome measurement (panels A).
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balanced, and SCAR with SCI natural history data (for example,
EMSCI) can assist in this regard. Finally, the natural history of
recovery for identifiable SCI sub-populations (for example, cervical
AIS C participants, thoracolumbar AIS B and so on) should be
assessed for the changes in SCAR scores across various recovery times
after SCI. Such information is useful when determining a minimal
detectable difference or estimating expected trial endpoints for
different types of SCI.28

Like with any other scoring instrument, the definition of a minimal
clinically important difference (MCID) requires intensive clinical and
clinical participant judgment, as it cannot be determined by statistics
alone.28 However, hypothetically assuming a difference between
treated and control groups of either 5, 8, or 10 points (out of 100)
to demonstrate a treatment effect on the SCAR results in a fourfold
decrease in clinical sample size requirements as shown in Table 1.
These sample size calculations provide an adequately powered study,
while maintaining operationally feasible pragmatic enrollment require-
ments. Finally, although we have repeatedly validated multiple
randomly selected EMSCI data sets with the Rasch model, it is
important to confirm our findings using other equivalent databases
and SCAR in an ongoing SCI clinical trial.

CONCLUSIONS

Use of the Rasch-transformed SCAR in future clinical trials will allow
the simultaneous inclusion of tetraplegic and paraplegic, complete and
incomplete SCI participants (for example, AIS A–C) while keeping
sample sizes at operationally feasible levels. It is important to note that
clinical investigators do not have to change their ISNCSCI and SCIM
assessment procedures or conventional scoring of individual items on
these scales to use the SCAR in clinical trials. When prospectively
defined in the protocol and detailed in the statistical analysis plan,
Rasch-transformed results from the SCAR can be used to generate
legitimate total scores for each participant and subsequently analyze
using conventional parametric statistical analyses. Our approach of
clearly defining the target health construct of volitional performance,
conceptualizing and mapping out the key clinical features to be
measured, including meaningful scoring options for each item, and
rigorously testing these assumptions using Rasch analysis has shown
that it is possible to improve SCI clinical assessment tools. The same
concept of measuring the performance of volitional tasks along with
assessment of functional muscle contractions may be useful in
improving scale performance in other neurological conditions and
may represent an important advance in the measurement of motor
function in neurological interventional trials.
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