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Assessment of Functional Improvement Without Compensation
Reduces Variability of Outcome Measures After Human Spinal
Cord Injury
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ABSTRACT. Behrman AL, Ardolino E, VanHiel LR, Kern
M, Atkinson D, Lorenz DJ, Harkema SJ. Assessment of func-
tional improvement without compensation reduces variability
of outcome measures after human spinal cord injury. Arch
Phys Med Rehabil 2012;93:1518-29.

Objective: To develop a scale (Neuromuscular Recovery
cale [NRS]) for classification of functional motor recovery
fter spinal cord injury (SCI) based on preinjury movement
atterns that would reduce variability of the populations’ level
f function within each class, because assessment of functional
mprovement after SCI is problematic as a result of high
ariability of the populations’ level of function and the insen-
itivity to change within the available outcome measures.

Design: Prospective observational cohort with longitudinal
follow-up.

Setting: Seven outpatient rehabilitation centers from the
Christopher and Dana Reeve Foundation NeuroRecovery Net-
work (NRN).

Participants: Individuals (N�95) with American Spinal In-
ury Association Impairment Scale (AIS) grade C or AIS grade

having received at least 20 locomotor training treatment
essions in the NRN.

Interventions: Intensive locomotor training including stepping on
treadmill with partial body weight support and manual facilitation

nd translation of skills into home and community activities.
Main Outcome Measures: Berg Balance Scale, six-minute

alk test, and ten-meter walk test.
Results: Individuals classified within each of the 4 phases of

he NRS were functionally discrete, as shown by significant
ifferences in the mean values of balance, gait speed, and
alking endurance, and the variability of these measurements
as significantly reduced by NRS classification. The magni-
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ude of improvements in these outcomes was also significantly
ifferent among phase groups.

Conclusions: Assessment with the NRS provides a classifi-
ation for functional motor recovery without compensation,
hich reduces variability in performance and improvements

or individuals with injuries classified as AIS grades C and D.
Key Words: Outcome assessment (health care); Rehabilita-

ion; Spinal cord injuries.
© 2012 by the American Congress of Rehabilitation
edicine

THERE IS A CRITICAL need for the development of valid,
reliable, and sensitive outcome measures1 for use in the re-

habilitation of individuals with spinal cord injury (SCI) and in
conducting meaningful clinical trials. The International Standards
for Neurological Classification of Spinal Cord Injury (ISNSCI) is
often used as a measure of neurologic status and recovery after
SCI both clinically and in research.2 The scale classifies the
consequences of SCI according to the severity of motor and
sensory impairment and whether the injury is complete or incom-
plete. In rehabilitation studies, the ISNSCI is used to describe the
specific population being studied, and the American Spinal Injury
Association Impairment Scale (AIS) classification implies a rela-
tive homogeneity within the population. The effect of an experi-
mental therapeutic intervention is then tested on this presumptive,
homogeneous population. The AIS is an effective classification
tool at the body structures and function levels,3,4 but the consid-
rable heterogeneity in activities, participation, and functional
utcomes after SCI undermines the effectiveness of the AIS and
ther outcome measures in the assessment of functional recov-
ry.5-7 The degree of heterogeneity is particularly apparent for
ndividuals with motor incomplete SCI: AIS grades C and D (for
urther discussion, refer to the appropriate articles in this issue:
arkema et al8 and Buehner et al9).
Significant variability of baseline performance on the Berg

alance Scale, the six-minute walk test, and the ten-meter walk
est occurs in individuals with AIS grades C and D from months
o years postinjury.8,10 Variability in the baseline performances
rom a population of individuals with motor incomplete SCI may
iminish the capacity to test the therapeutic effectiveness of an

List of Abbreviations

AIS American Spinal Injury Association Impairment
Scale

ISNSCI International Standards for Neurological
Classification of Spinal Cord Injury

mph miles per hour
NRN NeuroRecovery Network
NRS Neuromuscular Recovery Scale

SCI spinal cord injury
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1519RECOVERY STATUS AND OUTCOME MEASURES, Behrman
intervention. Specifically, baseline performances that span a broad
range of scores will mask improved performance scores associ-
ated with an intervention of interest.11 Recovery is the restoration
f the neuromuscular system to regain function using preinjury
otor behaviors, whereas behavioral compensation refers to the

se of atypical motor patterns, behaviors, body segments, tech-
ology, and/or assistive devices to make up for neurologic deficits
ostinjury to accomplish functional tasks.12-14 The degree of vari-
bility may be further increased when outcomes are based on the
uccessful use of compensatory strategies for achieving a func-
ional goal as compared with the recovery of premorbid move-
ent patterns.12 The purpose of this study was to develop a

lassification of functional ability based on an individual’s capac-
ty for sitting, standing, and walking in an overground environ-
ent without compensation, and to bear weight and independently

tand or step using body weight support on a treadmill. We
ypothesized that classifying individuals with motor incomplete
CI according to recovery of task-specific movements would (1)
esult in statistically significant differences among groups in bal-
nce, gait speed, and walking endurance measures, (2) signifi-
antly reduce the variability within groups for balance, gait speed,
nd walking endurance measures, (3) result in significant differ-
nces among groups for improvements in these measures in re-
ponse to at least 1 therapeutic intervention, and (4) show that
mprovements in all outcome measures in response to the inter-
ention would be significantly and positively correlated with the
ize of the change in phase.

METHODS

articipants
We examined 95 patients with motor incomplete SCI who

ompleted 20 sessions or more of a standardized locomotor train-
ng program across 7 outpatient clinical sites in the Christopher
nd Dana Reeve Foundation NeuroRecovery Network (NRN):
oston Medical Center, Boston, MA; Frazier Rehab Institute,
ouisville, KY; Kessler Institute for Rehabilitation, West Orange,
J; Magee Rehabilitation Hospital, Philadelphia, PA; The Ohio
tate University Medical Center, Columbus, OH; Shepherd Cen-

er, Atlanta, GA; and The Institute for Rehabilitation and Research
emorial Hermann, Houston, TX. Enrollment criteria for patient

ntry in the NRN locomotor training program included presence
f a nonprogressive spinal cord lesion above T11, no current
articipation in an inpatient rehabilitation program, and medical
eferral by an NRN physician. Patients also must have exhibited
ome lower limb movement or visible voluntary contraction and
he capacity to generate a lower limb reciprocal alternating flex-
on/extension stepping pattern in the step training environment
sing body weight support on a treadmill with manual facilitation.
he NRN physician also directed eventual elimination of antispas-

icity medications to avoid inhibiting neuromuscular activity dur-
ng the training. Enrollment characteristics of the entire population
re provided in table 1. Patients considered in this article were
nrolled in the NRN between February 1, 2008 and June 30, 2009.

valuations
Therapists conducted patient evaluations at enrollment into the

RN program and a postintervention evaluation on discharge. Eval-
ations included the ISNSCI AIS,15 Berg Balance Scale,10,16,17 six-
inute walk test,18-21 and the ten-meter walk test.18-20 The AIS, Berg

Balance Scale, six-minute walk test, and ten-meter walk test were
performed and scored according to standard procedures.22

Neuromuscular Recovery Scale
The Neuromuscular Recovery Scale (NRS) was developed by
clinicians and researchers between 2000 and 2008 based on their
collective research efforts and clinical experience and the on-going
program evaluation conducted within the NRN. The clinicians were
primarily physical therapists working in collaboration with basic
scientists and clinical researchers. The NRS was designed as a clas-
sification tool and is divided into 4 phases of neuromuscular recovery
after SCI based on the individual’s ability to perform task-specific
movements relative to the preinjury capability, with phase 1 repre-
senting the lowest degree of functional recovery and phase 4 desig-
nating full recovery of function. Subphases (eg, 1A, 1B, 1C) delineate
incremental improvements in recovery. The focus of the current work
was in comparing the numeric phases (ie, 1–4) with respect to
functional outcomes. The NRS uses 11 functional tasks that are
related to mobility, standing, and walking, which are evaluated in the
body weight support treadmill and overground environments. Over-
ground is a term used to delineate the everyday environment for the
NRS testing, in contrast to use of the treadmill environment for
testing.

The scale includes 7 tasks tested in the overground environment
including sit, sit-up, reverse sit-up, trunk extension, sit-to-stand, stand,
and walk (appendices 1 and 2). For the overground tasks, physical
assistance is only given when helping a patient achieve a position but
not during the scoring of the task. For example, the patient is not
allowed to use their arms when evaluating the ability to move

Table 1: Demographic and Clinical Characteristics at Enrollment
of the NRN Sample

Demographic and Clinical Characteristics N�95

Sex
Male 75 (79)
Female 20 (21)

Age (y) 43�17
AIS grade

C 31 (33)
D 64 (67)

Injury level
Cervical 72 (76)
Thoracic 23 (24)

Mechanism of injury
MVC 31 (33)
Fall 19 (20)
Sporting accident 20 (21)
Nontrauma 8 (8)
Medical/surgical 11 (12)
Violence 6 (6)

Assistive walking device
Nonambulatory 31 (33)
Walker 35 (37)
Cane(s)/crutch(es) 27 (28)
None 2 (2)

Time since SCI (y) 1 (0.1, 25.8)
�1y 47 (49)
1–3y 24 (25)
�3y 24 (25)

Treatment and enrollment
characteristics

Time of NRN enrollment (d) 96 (30, 447)
Cumulative treatment sessions

received
40 (20, 220)

Cumulative number of evaluations 3 (2, 12)
Treatment intensity (Tx/evaluation) 19�4

OTE. Values are counts (%) for categorical variables and mean �
D or median (minimum, maximum) for continuous variables.
bbreviations: MVC, motor vehicle collision; Tx, treatments.
from supine to sitting. The ability to attain and maintain sitting, to
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1520 RECOVERY STATUS AND OUTCOME MEASURES, Behrman
transition from sitting to standing, to stand, and the ability to
independently execute the components of standing and walking
are all evaluated without the use of compensation. Physical assis-
tance may be provided at the legs and pelvis, while evaluating
independence and proper trunk posture. However, once a body
segment is evaluated as independent, assistance is not provided at
any other subsequent phase of evaluation. Progression overground
entails the ability to perform tasks of increasing difficulty or
challenge to neuromuscular demands (eg, able to sit with proper
posture advances to reaching forward and laterally outside of base
of support).

Four tasks occur in the body weight support treadmill environment
and include stand retraining, stand adaptability, step retraining, and
step adaptability. Retraining (stand or step) uses therapist/trainer man-
ual facilitation, while adaptability (stand or step) does not use physical
assistance. The body weight support treadmill environment provides
a means to quantify characteristics (ie, body weight load and achiev-
able treadmill speed during retraining) that are reflective of recovery
needed for the eventual achievement of standing and walking. During
adaptability, the neuromuscular system’s ability to independently
achieve the components of standing and walking is assessed.

Briefly, a patient whose recovery is classified as phase 1 requires
50% to 60% body weight support and significant manual facilitation
at the trunk, pelvis, and legs to generate the optimal position/pattern
during step retraining on the treadmill and �40% to 20% body
weight support for stand retraining. During this phase, the patient
gains the ability to independently maintain proper trunk kinematics
during step adaptability with body weight support �60% and �20%
nd treadmill speed between 0.27 to 0.54m/s (0.6–1.2 miles per hour
mph]). Patients are unable to perform tasks overground (eg, sit-up)
ithout the use of compensation strategies. With an attempt to sit-up

rom a supine position, only the head is lifted. Often the individual
xperiences symptoms of multiple secondary conditions related to
eurologic injury, and the primary focus of rehabilitation is retraining
osture and increasing endurance. On classification of recovery as
hase 2, patients require less body weight support during stand
�20% and �10%) and step retraining (�50% and �35%). During
daptability, the ability to control the trunk is assessed at �20% body
eight support at 0.27 to 0.54m/s (0.6–1.2mph) and if achieved, then

runk and pelvis independence is observed at body weight support
40% and �20% at 0.27 to 0.54m/s (0.6–1.2mph). The patient

as regained mobility overground and, for sit-up, the patient is able
o lift head, shoulders, and scapulae inferior angles off of the mat.
ehabilitation focuses on retraining the nervous system to stand. At

he phase 3 level of recovery, the optimal pattern is achieved with
ody weight support during stand (0%–9%) and step retraining
�35% and �0%). During adaptability, trunk, pelvis, and leg kine-
atics are independently maintained during standing (�10% body
eight support), and trunk and pelvis leg kinematics are maintained
uring stepping at �20% body weight support and speeds of 0.58 to
.89m/s (1.3–�2.0mph). If achieved, trunk, pelvis, and leg kinemat-
cs and independence are observed at �10% body weight support and
t speeds of 0.89m/s (�2.0mph). Overground mobility is substantial,
ut the patient still needs significant compensation for ambulation in
he home and community. With arms crossed over the chest, the
atient is able to sit-up while raising head, shoulders, and trunk off the
at, although with significant effort. Rehabilitation focuses on re-

raining the nervous system to walk. Phase 4 recovery is characterized
y independent stepping or running (step adaptability) with best
attern achieved using �10% body weight support and at 1.52m/s
�3.4mph) (eg, running). Independent standing with proper posture
nd position of pelvis and legs is demonstrated with 0% body weight
upport. Overground, a complete sit-up is achieved with arms across
hest from supine to sitting without significant effort. Compensation
s not required and rehabilitation focuses on increasing endurance and

peed and adapting to environmental challenges, while returning to P
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reinjury physical activities. Detailed descriptions of test administra-
ion and scoring are provided in appendices 1 and 2.

ntervention
Locomotor training is an activity-based therapeutic intervention

sing the body weight support treadmill environment with manual
acilitation as a means to provide optimal kinematic and kinetic
ensory input to the nervous system, with the aim of facilitating
europlasticity and recovery of normative movement and function in
ndividuals with SCI. The locomotor training protocol is standardized
cross NRN centers.22 A session consists of 20 minutes of step

retraining on the treadmill, 55 to 60 minutes total time on the treadmill
(includes both step/stand retraining and stand/step adaptability), and
15 to 30 minutes of translation of skills to home and community
ambulation and activities.

Data Analysis
Demographic and clinical characteristics and outcome variables

were summarized with counts and percentages for categorical vari-
ables and with means and SDs and/or medians, minima, and maxima
for continuous variables. The purpose of our analyses was to dem-
onstrate the variability in performance and recovery shown on 3
functional outcome measures—the Berg Balance Scale, six-minute
walk test, and ten-meter walk test—and to assess whether the vari-
ability of outcomes is significantly reduced with classification of
patients using the NRS. The distributions of the outcome measures at
enrollment were compared across the phase groups with Kruskal-
Wallis tests. Comparisons of the corresponding variances were con-
ducted with the nonparametric Fligner-Killeen test, and the variability
in outcome measures accounted by phase grouping was examined
through the R2 statistics from a least-squares linear model. Enrollment
to discharge changes for each outcome measure were compared with
the Wilcoxon signed-rank test, both for the full sample and within
each phase group. These changes were compared among the phase
groups with the Kruskal-Wallis test. All analyses were performed in
the open-source R software package,23 and all hypothesis tests were
onducted at the .05 significance level.

RESULTS

emographic and Clinical Characteristics
Demographically, our study sample was largely men (79%) and

xhibited a wide range of ages, times since SCI, and mechanisms of
njury (see table 1). Most patients had AIS grade D classification
67%), but there was representation of AIS grade C as well. Patients
ith cervical lesions outnumbered those with thoracic lesions 3-to-1.
he injury mechanisms were variable, with motor vehicle collisions,

alls, and sporting accidents being most common. Ambulatory pa-
ients used a variety of devices for compensation during walking; 31
ere nonambulatory at enrollment. Patient enrollment varied consid-

rably as measured by number of treatment sessions received, length
f time enrolled, and number of evaluations conducted. However,
reatment intensity per evaluation was relatively consistent, as mea-
ured by sessions per evaluation. At enrollment in the NRN, 40 (42%)
f 95 patients under consideration were classified as being in phase 1
f recovery, 42 (44%) as phase 2, and 13 (14%) as phase 3.

utcome Measure Performance Magnitude and
ariability at Enrollment: Classification by the NRS
There was a substantial amount of variability in the Berg Balance

cale (SD�16), six-minute walk test (SD�97), and ten-meter walk
est (SD�0.35) at enrollment among the full NRN sample, which
as substantially accounted for by consideration of the phase groups

fig 1). Specifically, enrollment assessments of the outcome measures
ignificantly differed among the 3 phase groups (Kruskal-Wallis test,

�.001 for each measure), and were ordered naturally—Berg Bal-
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1521RECOVERY STATUS AND OUTCOME MEASURES, Behrman
ance Scale scores (mean � SD, 5.8�4.8, 24.7�14.0, 41.0�6.7 for
hases 1, 2, and 3, respectively), six-minute walk test distance in
eters (mean � SD, 14�37, 121�92, 196�74 for phases 1, 2, and

, respectively), and ten-meter walk test speeds in meters per
econd (mean � SD, 0.06�0.15, 0.42�0.35, 0.68�0.27 for
hases 1, 2, and 3, respectively) were lowest for patients in phase
and increased up to phase 3, respectively. Further, accounting

or patient phase substantially and significantly reduced the vari-
bility in the measurements. In linear models of the outcome
easures with phase number as a 3-level factor, phase accounted

or 60%, 47%, and 42% of the variability in the Berg Balance
cale, six-minute walk test, and ten-meter walk test, respectively.
e also noted that the amount of variability in the outcome
easures within each phase group significantly differed (Fligner-
illeen test, P�.001 all measures). Patients in phase 2 tended to

xhibit the most variability in measurements at enrollment, and
atients in phase 1 exhibited the least. The NRS classification was
urther able to discriminate patients with respect to functional
erformance within AIS grade C and AIS grade D groups (table
, fig 2). Specifically, phase groups significantly differed with
espect to performance at enrollment on the outcome measures
ithin AIS grade C (Kruskal-Wallis test, P�.001 all measures)

nd AIS grade D groups (P�.001 all measures). In addition,
mong phase 2 patients, AIS grades C and D patients did not
ignificantly differ on enrollment evaluations of the Berg Balance
cale, six-minute walk test, and ten-meter walk test (Wilcoxon
ank-sum test, P�.81, .73, .61, respectively).
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Fig 1. Boxplots of NRN enrollment measurements of the Berg Bala
test (right) at NRN enrollment for the full sample and by phas
Kruskal-Wallis test, P<.001. †Variances significantly differed among

Table 2: Summary Statistics for 3 Outcome Measures at

Outcome

AIS Grade C

Phase 1
(n�26)

Phase 2
(n�5)

Berg Balance Scale 4.10�2.20 23.00�11.00
Six-minute walk test (m) 2.00�11.00 143.00�108.00
Ten-meter walk test (m/s) 0.01�0.04 0.35�0.27

NOTE. Values are mean � SD. Phase groups significantly differed

Kruskal-Wallis test).
Abbreviation: NA, not applicable.
mprovements in Functional Outcomes: Comparison of
nrollment to Discharge Evaluation

There was significant improvement in each outcome measure
or each phase group (Wilcoxon signed-rank test, P�.01 for all
easures and phases), and there was considerably less within-

hase variability than full-sample variability (fig 3). The phase
roups exhibited significantly different magnitudes of improve-
ent for each measure (Kruskal-Wallis test, P�.01 for all mea-

ures). Improvements in Berg Balance Scale scores were lowest
mong patients classified as phase 1 (mean � SD, 6.4�12.9) and
ubstantially higher among those classified as phase 2 (mean �
D, 10.9�10.4) and phase 3 (mean � SD, 10.5�6.1). Improve-
ents in the walk tests were ordered according to the phases;

ix-minute walk test distances improved 43�88m, 72�92m, and
07�77m for patients classified as phase 1, 2, and 3, respectively,
nd ten-meter walk test speeds improved 0.11�0.25m/s,
.25�0.31m/s, and 0.30�0.20m/s in phases 1, 2, and 3, respec-
ively. Patients classified as phases 1 and 2 for neuromuscular recov-
ry exhibited similar magnitudes of improvement for the outcome
easures (P�.14, all measures), with patients classified as phase 1

enerally exhibiting substantially smaller improvements.

RS Improvement and Outcome Measures Improvement
We observed a strong relationship between the improvement in

RS classification and the improvement in the outcome measures
rom enrollment to discharge (fig 4, table 3). Consider the improve-

te Walk Test
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ses, Fligner-Killeen test, P<.001.

Initial Evaluation by AIS Grade and Phase at Enrollment

AIS Grade D

Phase 3
(n�0)

Phase 1
(n�14)

Phase 2
(n�37)

Phase 3
(n�13)

NA 8.90�6.60 24.90�14.50 40.80�6.90
NA 37.00�55.00 118.00�91.00 196.00�74.00
NA 0.15�0.24 0.42�0.36 0.68�0.27
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1522 RECOVERY STATUS AND OUTCOME MEASURES, Behrman
ments in the six-minute walk test among patients classified as phase
2 at enrollment (see the middle cluster of boxes, bottom left plot, fig
4). Patients that dropped to phase 1 by the final evaluation also
exhibited shorter walk distances at the final evaluation (mean de-
crease, �12m, white box). Patients that remained in phase 2
showed average distance improvements of 34m (light gray box),
patients that advanced to phase 3 increased distance by an average
of 114m (dark gray box), and patients that advanced to phase 4
improved by an average of 165m (black box). This relationship
was consistent for each of the 3 measures, with the notable
exception of those patients who improved from phases 2 and 3 to
phase 4 when comparing improvements in the Berg Balance
Scale, and for those patients who moved from phase 3 to phase 4
when comparing improvements in the ten-meter walk test. We
categorized patients by the number of phase classes by which they
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Fig 2. Boxplots of outcome measures at enrollment by phase class
differed among the phase groups within groups of AIS grades C an

easures.
improved (�1, 0, 1, or 2) and noted that improvements in the w
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outcome measures were significantly different among these
groups (Kruskal-Wallis test, P�.01 for all measures). Further,
mprovements in all outcome measures were significantly posi-
ively correlated with the size of the change in phase (��.36,
�.001 for all measures). Of the 40 patients classified as phase 1
t enrollment, 19 (48%) remained in phase 1, 17 (43%) progressed
o phase 2, and 4 (10%) progressed to phase 3 before exit from the
RN. Among patients classified as phase 2, 2 (5%) dropped to
hase 1, 21 (50%) were stable, 17 (40%) progressed to phase 3,
nd 2 (5%) progressed to phase 4. Of the 13 patients classified as
hase 3 at enrollment, 10 (77%) remained in phase 3, and 3 (23%)
rogressed to phase 4.

DISCUSSION
The NRS, a new scale that assesses functional improvement
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plete SCI into groups, effectively discriminates performance and
reduces variability of walking and balance outcome measures.
Consistent with our hypotheses, the NRS effectively discriminated
initial evaluation abilities by determining significant differences in
the magnitude and variability of each outcome measure (eg, bal-
ance, gait speed, and walking endurance) among the phase groups
defined by the NRS (see fig 1). Classification by functional re-
covery can provide clinicians with more homogeneous patient
groups to effectively set specific goals and develop treatment
plans and report progress for third-party payers.

Further supporting our hypotheses is our finding that the NRS
improved the distinction of people with motor incomplete SCI into
groups with respect to function (see table 2, fig 2), as compared with
AIS grade. This provides a tool to select more homogeneous groups
than with the AIS grades C and D, potentially reducing the required
sample sizes for clinical research and randomized controlled trials.
The differences between the stratification of patients by the NRS and
AIS grade can, in part, be attributed to the components used in the
evaluations. The AIS is based on sensory testing of all dermatomes
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Table 3: Summary Statistics for Enrollment to Final Evaluation Ch
Walk Test Phase by E

Outcome
Measures

(change scores)
Enrollment

Phase 1 (n�21)

Berg Balance Scale 1 (n�40) 0 (�0.5 to 1)
2 (n�42) �0.5 (�1.2 to 0.2)
3 (n�13) NA

Six-minute walk
test

1 (n�40) 0 (0, 0)
2 (n�42) �12.5 (�18.8 to �6.2)
3 (n�13) NA

Ten-meter walk test 1 (n�40) 0 (0 to 0)
2 (n�42) 0 (0 to 0)
3 (n�13) NA
NOTE. Values are median (interquartile range).
Abbreviation: NA, not applicable.
and manual muscle testing of only 10 extremity muscles, while the
NRS consists of functional tasks that use synergistic muscle groups
and may better relate to the outcome measures we selected for this
study. In addition, the NRS has assessments related to trunk motor
function that are not used during the AIS examination. There is a
population of individuals who have been classified as either AIS
grade C or AIS grade D with similar outcomes on the Berg Balance
Scale and overground walk tests. These results indicate that the
functional capacities of individuals within AIS grades C and D are
highly variable.9

As hypothesized, the NRS classification was shown to be
responsive when patients underwent an activity-based therapy for
recovery of mobility, standing, and walking. The magnitude of
functional improvement among the 3 phase groups was signifi-
cantly different on all 3 outcome measures, indicating that within
incomplete SCI patients there are cohorts that can now be pre-
dicted to have very different levels of improvement (see fig 3).

Finally, consistent with our hypothesis, improvements in NRS
classification strongly corresponded to improvements in the func-
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Final Phase

2 (n�38) 3 (n�31) 4 (n�5)

(0 to 7) 38.5 (34.5 to 41.5) NA
(3 to 11) 15 (8 to 24) 9.5 (9.2 to 9.8)

NA 11 (9.5 to 13.5) 5 (3.5 to 10)
(0 to 54.6) 265.5 (208.3 to 328) NA
(12.2 to 71.7) 82.3 (39.3 to 193.2) 165.1 (117.2 to 213)

NA 118 (50.6 to 125.8) 183 (82.3 to 206.9)
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1524 RECOVERY STATUS AND OUTCOME MEASURES, Behrman
tional outcome measures we measured (see table 3, fig 4). This
uggests that the NRS may have potential value as an outcome
easure itself, rather than only as a tool to classify individuals
ith clinically incomplete SCI into functionally homogenous
roups, especially when considering subphases.

The NRS is a practical tool that can be administered in the clinic
nd may provide clinicians with valuable information for patient
ssessment, treatment planning, and progression. In comparison with
ther currently available outcome measures, for example the FIM,24

the Spinal Cord Independence Measure,25-27 walking tests,21,28 and
recommended clinical trial outcomes,1 the NRS uniquely assesses
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plots are clustered with respect to the initial phase, and differen
outcome measures were significantly different among these group
recovery of function to achieve a specific task goal, without allowing
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overt behavioral compensation. Common SCI outcome measures do
not distinguish between compensation and true recovery to achieve
functional goals.12 For example, compensation using wrist tenodesis
for grasp would score relatively high on most outcome measures
because a functional goal was attained, but some return of normative
hand function would not likely change the score. Similarly, standing
with long leg braces and a walker for support achieves the task of
standing via compensation, but does not demonstrate a return to the
preinjury manner of standing. Thus, compensatory-based measures
generally have less sensitivity to change and responsiveness than
scales, which gauge performance relative to normative, preinjury
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care required to achieve a functional goal.24-27 Independence may be
chieved, but without regard to achieving the functional goal as
erformed prior to injury. The capacity to measure return to norma-
ive movement patterns with the NRS, demonstrating a reduction in
utcome variability and sensitivity to a therapeutic intervention, is
articularly relevant at this time when recovery post-SCI has become
predominant focus of rehabilitation research and an emerging par-

digm shift in rehabilitation practice.14,22,29

Study Limitations
The findings of this study are limited to persons with motor

incomplete SCI (AIS grades C or D) in outpatient rehabilitation
clinics. Future studies should include assessment of individuals
classified as AIS grades A and B and those receiving inpatient
rehabilitation. In addition, the NRS currently assesses trunk and
lower extremity function, but does not address upper extremity
function. The results examining the responsiveness of the NRS
relative to the outcome measures were of limited scope because of
sample size constraints, and further studies should include a
greater number of individuals to allow for formal hypothesis
testing, intra- and interrater reliability, and continued exploration
of this phenomenon. The NRS used in this study requires a body
weight support treadmill system and rehabilitation specialists
trained in locomotor training. Future studies should address the
value of the NRS when used only with the overground tasks to
allow its use in a larger number of clinics and research studies.

CONCLUSIONS
Findings from this study provide a classification scale focused

on task-specific recovery without compensation after SCI, which
can be used in clinical and research settings. The NRS differen-
tiates individuals into distinct performance groups with reduced
variability of the measures and is capable of demonstrating change
from initial evaluation to discharge after a standardized activity-
based therapy program.

Development of measures, such as the NRS, is particularly
relevant because rehabilitation strategies are encompassing ac-
tivity-based therapies and will soon partner with regenerative
medicine30 to advance neuromuscular recovery postinjury.
This instrument will be as valuable as other activity-based
therapies or combined interventions targeting plasticity and
recovery are tested and translated into clinical practice because
it provides an improved mechanism to test the efficacy and
effectiveness of these interventions. Development of this in-
strument is an ongoing process, which includes expansion of
the phase hierarchy to encompass the full spectrum of recov-
ery; testing patients with AIS grades A and B SCIs; develop-
ment of an upper extremity component; and further validation,
reliability, and sensitivity testing.
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APPENDIX: 1: ADMINISTRATION AND SCORING
OF THE PHASES

Administering the NRS
The administration of the phasing tool should take place during
1 evaluation period. The testing should begin with the first of the
overground items, sit, continue through the overground items, and
then follow with the items in the body weight support treadmill
environment. Each item is tested and scored separately. The score
of the item is the highest phase in which the patient can complete
the item according to the description without any compensation.
The examiner then calculates the overall phase based on the
combined phase scores of each of the individual items. The
continuum of scores proceeds from unable to complete the task to
achieving full recovery by executing the tasks as done preinjury.
Assess the client beginning with phase 1A abilities and then move
up the phase scoring, because the lower phases must be achieved
before higher scoring can be considered. Assistance cannot be
provided to the body segment being assessed. The lower of 2
debatable scores should be selected. There is no advantage to
scoring higher and all assessments should be directly compared
with the ability preinjury to complete the specific task. This is
important because goal setting and progression will be based on
the current phase scoring and if inappropriately scored higher then
this ability will not be sufficiently targeted for recovery during the
therapeutic intervention. Subphases that are not scored are desig-
nated as not applicable and account for the progression of recov-
ery within a task and across tasks.

Abilities During Overground Assessment
Overground assessment defines the capacity of the neuro-

muscular system without the benefit of the body weight support
treadmill or manual facilitation to execute specific motor tasks.

Sit
The patient is positioned in an unsupported sitting position at

the edge of a firm mat. The patient’s feet should be flat on the
floor. The patient is then asked to sit without upper extremity
support, in a proper posture position (ie, head and shoulders in
alignment, neutral pelvis position). If the patient is unable to attain
this position, the examiner may assist the patient into this position,
and then ask the patient to maintain the posture. The patient is then
assigned a phase based on their ability to maintain the proper
posture, in an unsupported position. If the patient is able to attain
and maintain the proper posture (ie, phase 2), then the patient is
asked to elevate their upper extremities, as described in the chart,
and reach forward and laterally. The patient is assigned a phase
based on these abilities. If the patient is incapable of elevating the
upper extremities because of complications of the neuromuscular
system, the patient may be graded on their ability to lean their
trunk forward and laterally.

Scores are categorized as follows: unable (phase 1A); unable to
attain, able to sit with inappropriate posture (phase 1B); unable
to attain, able to sit with appropriate posture (phase 1C); able to
attain and maintain appropriate position for at least 1 minute
(phase 2A); able to attain and maintain appropriate position in-
definitely (phase 2B); able to sit and hold arms parallel to legs for
at least 30 seconds (phase 2C); able to sit and complete a lateral
reach �12.7cm (5in) (phase 3A); able to sit and complete forward
and lateral reaches between 12.7 to 25.4cm (5–10in) (phase 3B);
able to sit and complete forward and lateral reaches �25.4cm
(10in) (phase 3C); and not applicable (phase 4).

Reverse Sit-Up
The patient is positioned in an unsupported sitting position at

the edge of the mat, with the feet flat on the floor. The patient is
asked to slowly lower his/her trunk down to the mat, until his/her
back and head are flat on the mat, without using the upper
extremities for support and while maintaining a 90° angle in the
knees. The examiner scores the patient based on how controlled
the patient can lower the trunk, the position of the upper extrem-

ities, the compensatory use of the lower extremities, and the

Arch Phys Med Rehabil Vol 93, September 2012
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1526 RECOVERY STATUS AND OUTCOME MEASURES, Behrman
amount of effort required to complete the task. Manual assistance
is not provided unless needed to avoid striking the mat with
excessive force.

Scores are categorized as follows: not applicable (phase 1A–
1C); unable (phase 2A); patient shows control through the first
45°, but loses control during the lower half of the movement
(phase 2B); not applicable (phase 2C); patient is able to complete
task with arms elevated in order to provide a counterbalance (phase
3A); not applicable (phase 3B); patient is able to complete task with
arms held across chest, but displaying considerable effort (phase 3C);
and patient is able to complete task with arms held across chest
without considerable effort (phase 4).

Sit-Up
The patient is positioned in a supine position on the mat, with

the lower extremities off the edge of the mat. The patient is asked
to return to a sitting position without the use of his/her upper
extremities, manual assistance, or momentum, while maintaining
the knees at a 90° position. The examiner scores the patient based on
ow much of the trunk is able to be raised off of the mat, the position
f the upper extremities, the compensatory use of the lower extrem-
ties, and the amount of effort required to complete the task.

Scores are categorized as follows: not applicable (phase 1A);
nable (phase 1B); patient is able to raise head (phase 1C);
atient is able to raise head and initiate shoulder lift (phase
A); patient is able to raise head, shoulders, and scapulae
phase 2B); not applicable (phase 2C); patient is able to sit up,
ut with inappropriate position (arms elevated and/or hip/knee
exion/extension (phase 3A); not applicable (phase 3B); pa-

ient is able to sit up properly, but displaying considerable
ffort (phase 3C); and patient is able to sit up properly without
onsiderable effort (phase 4).

runk Extension in Sitting
The patient is positioned in sitting with the feet flat on the floor,

ith his/her chest resting on the lap. The patient is asked to return
o an upright sitting position, without the use of the upper extrem-
ties or manual assistance. The examiner grades the patient based on
ow much of the trunk is raised into sitting, the position of the upper
xtremities, and the amount of effort required to complete the task.

Scores are categorized as follows: unable (phase 1A); patient is
ble to initiate thoracic spine extension (phase 1B); patient is able
o initiate and maintain thoracic spine extension (phase 1C);
atient is able to initiate and maintain thoracic and initiate lumbar
pine extension (phase 2A); patient is able to initiate and maintain
horacic and lumbar spine extension but displays considerable
ffort (phase 2B); not applicable (phase 2C); patient is able to
nitiate and maintain thoracic and lumbar spine extension without
onsiderable effort (phase 3A); not applicable (phase 3B); patient
s able to complete task with arms behind head, but displays
onsiderable effort (phase 3C); and patient is able to complete task
ith arms behind head without considerable effort (phase 4).

it to Stand
The patient begins seated at the edge of the mat with feet flat on

the floor. The patient is asked to stand up from the mat, without
the use of the upper extremities. The examiner first assesses how
high the patient can raise his/her body off of the mat without any
assistance from the examiner. If the patient is able to raise the
body approximately 50% off of the mat, then the examiner may
provide assistance to the patient’s pelvis and/or lower extremities,
and assess the patient’s control at the trunk and pelvis, as appro-
priate. If the patient is able to transition from sit to stand without
physical assistance from the examiner, the patient is scored ac-
cording to his/her kinematics during the task and the position of

the upper extremities during the task. a

Arch Phys Med Rehabil Vol 93, September 2012
Scores are categorized as follows: not applicable (phase 1A–
1B); unable (phase 1C); patient is able to initiate weight bearing
(phase 2A); the patient’s body is raised off the mat, but patient
reaches �50% full upright stand (phase 2B); patient is able to
complete the task while maintaining proper kinematics of the
head, shoulders, and trunk, and manual facilitation may be pro-
vided at the pelvis, knees, or ankles if needed (phase 2C); patient
is able to complete the task with proper kinematics of the head,
shoulders, and trunk, and manual facilitation may be provided at
the knees or ankles if needed (phase 3A); patient is able to
complete the task with proper kinematics of the head, shoulders,
trunk, and pelvis, inappropriate kinematics at the knees and an-
kles, and no manual facilitation (phase 3B); patient is able to
complete the task with proper kinematics, no manual facilitation,
and uses the arms as a counterbalance (phase 3C); and patient is
able to complete task properly, without using the arms as a
counterbalance (phase 4).

Stand
The patient begins in a standing position, with physical assis-

tance provided by the examiner as needed. The patient is asked to
stand with a proper posture (ie, head, shoulders, and trunk ex-
tended, pelvis properly positioned under the head and shoulders,
with the knees extended to adequately maintain body weight
without hyperextension). The patient is assigned a phase based on
his/her ability to maintain appropriate kinematics at each body
segment. Please note that when the trunk is assessed (ie, phases
1C–2A), assistance may be provided to the lower extremities and
pelvis by the examiner and other trainers. Likewise, assistance
may be provided to the lower extremities in phase 2 to assess the
kinematics of the pelvis. To be assigned phase 3, the patient must
be able to maintain standing balance without physical assistance.

Scores are categorized as follows: not applicable (phase 1A–
1B); unable (phase 1C); patient is able to stand with inappropriate
posture and manual facilitation at the pelvis, knees, or ankles
provided as needed (phase 2A); patient is able to stand with
appropriate posture for �1 minute, and manual facilitation pro-
ided at the knees and ankles as needed (phase 2B); patient is able
o stand with appropriate posture for �1 minute, and manual
acilitation provided at the knees and ankles as needed (phase 2C);
atient is able to stand with appropriate posture and without
anual facilitation for �1 minute (phase 3A); patient is able to

tand with appropriate posture without manual facilitation for �1
inute (phase 3B); and patient is able to stand with appropriate

osture and without manual facilitation indefinitely (phase 3C).

alking
The patient begins in standing position, with physical assistance

s needed by the examiner at pelvis and lower extremities. The
atient is asked to shift weight laterally. If the patient is able to
hift weight without assistance at the trunk, the patient is then
sked to shift weight forward and back in a stride position (left and
ight). The patient is assigned a phase based on ability to assume
tride right and stride left positions while maintaining appropriate
inematics at each body segment. If the patient is able to inde-
endently assume stride positions and perform weight shifts in-
ependently while maintaining appropriate kinematics at all body
egments, the patient is assigned a phase based on ability to
erform repetitive steps with appropriate kinematics.

Scores are categorized as follows: not applicable (phase 1A–
C); unable to shift weight (phase 2A); patient is able to shift
eight laterally with inappropriate kinematics at the head, shoul-
ers, and trunk (phase 2B); patient is able to shift weight laterally
ith appropriate kinematics at the head, shoulders, and trunk, but

s unable to initiate the stride position (phase 2C); patient is

ble to shift weight laterally with appropriate kinematics of the
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1527RECOVERY STATUS AND OUTCOME MEASURES, Behrman
head, shoulders, and trunk, but inappropriate kinematics of the
legs (phase 3A); patient is able to shift weight laterally with
appropriate kinematics, but not in stride (phase 3B); patient is
able to shift weight laterally and in stride with appropriate
kinematics (phase 3C); and patient is able to walk with appro-
priate kinematics (phase 4).

Abilities During Treadmill Assessment
Once the overground assessment has been concluded, the pa-

tient is positioned in a body weight support treadmill system. The
step-training environment uses the body weight support treadmill
and manual assistance to assess the capacity and independence of
the nervous system to stand and generate steps in a safe environ-
ment. The capacity of the nervous system is assessed by identi-
fying the treadmill speed, body weight support, and facilitation
needed to generate the optimal stepping pattern. This capacity of
the nervous system is referred to as retraining. The independence
of the nervous system is referred to as adaptability, and is assessed
by identifying the treadmill speed and body weight support where
independence from manual assistance occurs. There are 4 areas of
assessment during step training: (1) stand retraining, (2) stand
adaptability, (3) step retraining, and (4) step adaptability.

Stand Retraining
In this area, the capacity of the nervous system to bear weight

in static standing is assessed, recorded as body weight support.
The patient is positioned in the body weight support treadmill
environment, in an upright posture, with head, shoulders and trunk
extended, the pelvis properly positioned under the head and shoul-
ders, with the knees extended to adequately maintain body weight
without compensation. The patient should initially be supported
with 75% body weight support (or the maximum amount of body
weight support with the patient’s feet remaining flat on the tread-
mill). The body weight support is then lowered as far as possible
for the patient to maintain proper posture and positioning of the
head, trunk, pelvis, and legs for at least 5 minutes, with the trainers
providing as much physical assistance as needed to maintain the
patient in an upright standing position. The lowest body weight
support that is achieved is then noted, and the patient is assigned
a phase level based on this amount of body weight support.

Scores are categorized as follows: body weight support �40%
(phase 1A); body weight support 20%–39% (phase 1B); not
applicable (phase 1C–2A); body weight support 10%–19% (phase
2B); not applicable (phase 2C–3B); body weight support �10%
(phase 3C); and not applicable (phase 4).

Stand Adaptability
In this area, the patient’s ability to independently maintain

appropriate kinematics at each body segment, without physical
assistance, is assessed, reflected by body weight support required.
The patient begins at the lowest body weight support achieved
during stand retraining, in an upright posture with head, shoulders,
and trunk extended, the pelvis properly positioned under the head
and shoulders, and the knees and ankles positioned at neutral
to adequately maintain body weight. The body weight support is
then adjusted, until the patient is able to independently maintain an
upright posture at the trunk, with assistance provided at the pelvis
and lower extremities. If the patient is able to maintain an upright
posture at the trunk with less than 20% body weight support, then
the body weight support is adjusted until the patient can indepen-
dently maintain an appropriate position of the pelvis. If the patient
can independently maintain an appropriate position of the pelvis at
less than 10% body weight support, then the body weight support
is adjusted to assess independence at the lower extremities. The
assessment of independence follows this order: (1) trunk; (2)

pelvis; and (3) legs with physical assistance only for the body a
segments that are not being evaluated. The patient is assigned a
phase based on body weight support, where body segments were
maintained independently with proper kinematics.

Scores are categorized as follows: body weight support �60%
and manual facilitation of the pelvis, knees, and ankles (phase
1A); body weight support 40% to 59% (phase 1B); body weight
support 20% to 39% (phase 1C); body weight support �20%
(phase 2A); body weight support 40% to 59% without manual
facilitation of the pelvis, knees, and ankles (phase 2B); body
weight support 10% to 39% (phase 2C); not applicable (phase
3A); body weight support �10% with manual facilitation as
needed (phase 3B); body weight support �10% with no manual
facilitation (phase 3C); and body weight support 0% and the
ability to recover balance (phase 4).

Step Retraining
In this area, the capacity of the nervous system is to generate an

appropriate stepping pattern when provided with the sensory cues
associated with walking. Leg loading is maximized, as are nor-
mative walking speeds (.89–1.34m/s; 2.0–3.0mph), resulting in
scores of body weight support and speed. The body weight sup-
port level is adjusted to the body weight support where the
majority of the body segments were independent during stand
adaptability. The patient then begins stepping at a speed of .89m/s
(2.0mph), with physical assistance from the trainers to ensure the
best posture and kinematics while walking. The body weight
support and speed are adjusted up or down to assess the lowest
body weight support and highest speed at which the patient can
generate the best stepping pattern with assistance from the
trainers. The patient is assigned a phase level based on these 2
variables.

Scores are categorized as follows: body weight support �60%
(phase 1A); body weight support 55% to 59% (phase 1B); body
weight support 50% to 54% (phase 1C); body weight support 45%
to 49% (phase 2A); body weight support 40% to 44% (phase 2B);
body weight support 35% to 39% (phase 2C); body weight sup-
port 30% to 34% (phase 3A); body weight support 20% to 29%
(phase 3B); and body weight support �20% (phase 3C). Patients
that can maintain proper kinematics with �50% body weight
upport while running at speeds of �1.52m/s (3.4mph) are scored
s phase 4.

tep Adaptability
In this area, the patient’s ability to independently step on the

readmill is assessed, reflected by body weight and speed
alues. Walking speeds and body weight support are adjusted
o allow complete independence from manual assistance from
he examiner for compensation. Complete independence of
pright posture with head, shoulders, and trunk extended is the
rst goal. Complete independence of the pelvis rotating aligned
roperly with the shoulders with an independent upright trunk
s the second goal. The final goal is to achieve complete
ndependence during the step cycle of (1) hip, knee, and ankle
exion and extension with proper kinematics, (2) pelvic rota-

ion and proper alignment with the shoulders, and (3) upright
runk at preinjury walking speeds (.89–1.52m/s; 2.0–3.4mph).
xaminers use manual assistance as needed at the body seg-
ents that are not being considered for the current goal for

ndependence and the assessment of independence follows this
rder: (1) trunk; (2) hips; and (3) legs. However, once a body
egment has achieved independence, manual assistance is not
rovided again to that segment. For example, once trunk inde-
endence is achieved at full body weight support and preinjury
alking speeds, the next goal is pelvis independence, but trunk
anual assistance is no longer provided. Body weight support
nd treadmill speed are adjusted as needed for the patient to
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achieve independence at the body segment targeted as the
primary goal. Body weight support may be raised back to the
baseline level, and speed may be reduced to as low as .27m/s
(0.6mph). The patient is assigned a phase based on body weight
support and speed where body segments were independently
maintained with proper kinematics.

Scores are categorized as follows: body weight support
�60% and speeds between .27 to .54m/s (0.6–1.2mph) with
manual facilitation of the pelvis, knees, and ankles as needed
(phase 1A); body weight support 40% to 59% and speeds .27
to .54m/s (0.6–1.2mph) (phase 1B); body weight support 20%
to 39% and speeds .27 to .54m/s (0.6–1.2mph) (phase 1C);
body weight support �20% and speeds .27 to .54m/s (0.6–
1.2mph) (phase 2A); body weight support 40% to 59% and
speeds .27 to .54m/s (0.6–1.2mph) with manual facilitation of
the knees and ankles as needed (phase 2B); body weight
support 20% to 39% and speeds .27 to .54m/s (0.6–1.2mph)
(phase 2C); body weight support 10% to 19% and speeds .58
to .85m/s (1.3–1.9mph) (phase 3A); body weight support
�10% and speeds .58 to .85m/s (1.3–1.9mph) without man-
ual facilitation (phase 3B); and body weight support �10%
and speeds �.89m/s (2.0mph) (phase 3C). Patients that can
maintain proper kinematics with �10% body weight support
while running at speeds of �1.52m/s (3.4mph) are scored as
Hugues Barbeau and has been reproduced by permission of Oxford Uni
Medicine/Neuroscience/?view�usa&ci�9780195342086.

Arch Phys Med Rehabil Vol 93, September 2012
Calculation of Overall Phase
The overall phase is calculated based on the 2 lowest ob-

served scores of the 11 phase tasks and the number of phase
tasks that achieved each of these scores.

1. If 3 or more tasks were scored at the lowest observed
phase, the overall phase is the lowest observed phase.

2. If 2 tasks were scored at the lowest observed phase, the overall
phase is 1 subphase higher than the lowest observed phase.

3. If only 1 task was scored at the lowest observed phase,
then if either of the following conditions were met, then
the overall phase is 2 subphases higher than the lowest
observed phase. Otherwise, the overall phase is 1 sub-
phase higher than the lowest observed phase.
a. If the second lowest observed phase was 2 or more

subphases higher than the lowest observed phase.
b. If the second lowest observed phase was 1 subphase

higher than the lowest observed phase and only 1 task
was scored at the second lowest observed phase.

NOTE. This material was originally published in Locomotor
Training: Principles and Practice by Susan J. Harkema, Andrea
L. Behrman, and Hugues Barbeau and has been reproduced by
permission of Oxford University Press, USA. http://www.oup.
com/us/catalog/general/subject/Medicine/Neuroscience/?view_
hase 4. usa&ci_9780195342086.

APPENDIX 2: PHASE SCORING SHEET

Stand 
Retraining

Stand 
Adaptability

Step 
Retraining

Step 
Adaptability Sit Reverse

Sit-Up Sit-Up Trunk
Extension Sit to Stand Stand Walking

1A 1A 1A 1A 1A 1A 1A 1A 1A 1A 1A

1B 1B 1B 1B 1B 1B 1B 1B 1B 1B 1B

1C 1C 1C 1C 1C 1C 1C 1C 1C 1C 1C

2A 2A 2A 2A 2A 2A 2A 2A 2A 2A 2A

2B 2B 2B 2B 2B 2B 2B 2B 2B 2B 2B

2C 2C 2C 2C 2C 2C 2C 2C 2C 2C 2C

3A 3A 3A 3A 3A 3A 3A 3A 3A 3A 3A

3B 3B 3B 3B 3B 3B 3B 3B 3B 3B 3B

3C 3C 3C 3C 3C 3C 3C 3C 3C 3C 3C

4 4 4 4 4 4 4 4 4 4 4

Patient ID:

Date:  Flexor High Mod Low Flexor High Mod Low

Center:  Extensor High Mod Low Extensor High Mod Low

Overall
Phase:  

Predominant
overall pattern Flex > Ext Balanced Ext > Flex Predominant 

overall pattern Flex > Ext Balanced Ext > Flex

geLthgiRgeLtfeL

Abbreviations: Ext, Extension; Flex, Flexion.
NOTE. This material was originally published in Locomotor Training: Principles and Practice by Susan J. Harkema, Andrea L. Behrman, and
versity Press, USA. http://www.oup.com/us/catalog/general/subject/

http://www.oup.com/us/catalog/general/subject/Medicine/Neuroscience/?view_usa&ci_9780195342086
http://www.oup.com/us/catalog/general/subject/Medicine/Neuroscience/?view_usa&ci_9780195342086
http://www.oup.com/us/catalog/general/subject/Medicine/Neuroscience/?view_usa&ci_9780195342086
http://www.oup.com/us/catalog/general/subject/Medicine/Neuroscience/?view=usa%26ci=9780195342086
http://www.oup.com/us/catalog/general/subject/Medicine/Neuroscience/?view=usa%26ci=9780195342086
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