Original Article R A T E :-

Journal of Rehabilitation and Assistive

Upper limb robotic assessment: Pilot Ve
° ° © The Author(s) 2020
study comparing velocity dependent Al e gudeines.
° ° Y ° ° ° ° sagepub.com/journals-permissions
resistance in individuals with acquired DO 101177205566532052353
brain injury to healthy controls ®SAGE

Nitin Seth' , Denise johnsonz, Brian Allen' and
Hussein A Abdullah'

Abstract

Introduction: Assessment of velocity dependent resistance (VDR) can provide insights into spasticity in individuals
with upper motor neuron syndrome. This study investigates the relationship between Modified Ashworth scores and a
biomechanical based representation of VDR using a rehabilitation robot. Comparisons in VDR are made for the upper
limb (UL) between individuals with acquired brain injury and healthy controls for the para-sagittal plane.

Methods: The system manipulates the individual’s limb through five flexion and extension motions at increasing speeds
to obtain force profiles at different velocities. An approximation of VDR is calculated and analyzed statistically against
clinical scales and tested for interactions.

Results: All individuals (aged 18—65), including healthy controls exhibited VDR greater than 0 (P < 0.05). MAS scores
were found to be related to VDR (P < 0.05) with an interaction found between MAS Bicep and Tricep scores (P < 0.01).
Considering this interaction, evidence of differences in VDR were found between several neighboring assessment score
combinations.

Conclusion: The robot can detect and quantify VDR that captures information relevant to UL spasticity. Results
suggests a better categorization of VDR is possible and supports further development of rehabilitation robotics for
assisting spasticity assessment.
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Introduction however, criticisms of spasticity measurement including
definition, objectivity, and sensitivity.*’

The increased resistance to passive movement pos-
sesses biomechanical and neurological components.'

Spasticity is a neurophysiological phenomenon and
component of the upper motor neuron (UMN) syn-
drome. It affects individuals with neurological injuries
including multiple sclerosis, spinal cord injury, and
stroke."? Characterized by Lance as “a velocity-
dependent increase in tonic stretch reflexes with exag-
gerated tendon jerks, resulting from hyperexcitability
of the stretch reflex”,? spasticity impacts both, individ-
uals with UMN syndrome as well as their caregivers. ~Corresponding author: . o
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The biomechanical component changes with the
muscles’ physical properties and is not directly related
to spasticity, whereas the neurological component does
change with the hyperexcitability of the stretch reflex.
The presence of both components introduces con-
founding when attempting to measure resistance direct-
ly from the limb. Frontline healthcare professionals,
however, must regularly perform these direct measures
to observe changes and apply required interven-
tions.®'? Despite being a neurophysiological phenom-
enon, spasticity can be indirectly judged by quantifying
resistance to passive movement in very controlled cir-
cumstances. While manually administered clinical
measures possess challenges,” tools considering velocity
with resistive force have been tested.'* '* Force trans-
ducers'*' have successfully differentiated between
impaired and unimpaired limbs in individuals with
chronic stroke, however, evidence of velocity-
dependent resistance (VDR) was not captured.

Pandyan et al.'® concludes this lack of VDR
characteristics suggests inconsistencies with the accept-
ed neurophysiological definitions of spasticity.
Motorized systems for wrist flexion/extensions'® and
lower limb joints'>!” typically collect both biomechan-
ical and electromyography (EMG) data. The EMG-
based studies, however, have produced conflicting
results regarding activation and resistance.*'*'®
While EMG provides simple and insightful informa-
tion for specific muscles, alternatives techniques are
valuable due to the invasive nature of needle EMG,
placement and property issues of surface EMG, and
the additional skills and resources required as com-
pared to the traditional clinical measures.'® '

While acknowledging component confounding,
applying rehabilitation robotics can enforce controlled
motions to assist VDR quantification, which may help
advance  towards  standardized  evaluations.”
Assessment-focused rehabilitation robotics often con-
centrated on upper limb (UL) strength, range of
motion, and function,>** 2% or lower limb spastici-
ty.!>17:27 Despite a robot’s natural attributes to repeat-
ably control motions and quantifiably measure
position, velocity, and force, UL spasticity assessment
studies are limited.”®*’ Building upon previous
works,?*?%?% the objective of this study, with more
participants, was to validate the use of a robotic
system to assist spasticity assessment using a biome-
chanical VDR metric. Data is collected for para-
sagittal elbow flexion/extension; a specific motion of
functional relevance for activities of daily living
(ADL) and subsequent clinical utility in rehabilitation
centres. To relate forces to clinical scores, measurement
is based on the direct resistance applied to a sensor at
the same point of contact a healthcare professional typ-
ically uses when performing clinical assessments.

To establish that the system can detect and represent
VDR in a meaningful way, the data is compared
against existing clinical scales. One objective is to devel-
op a continuous valued VDR metric as opposed to a
discreet component set or a multi-dimensional vector.?’
Research questions for this first principle study are:
1) Whether a relationship exists between the biome-
chanical VDR metric and clinical scores ii) whether
an interaction exists between Bicep and Tricep assess-
ments, and iii) whether differences in VDR values exist
between healthy controls and individuals with acquired
brain injury (ABI).

Methods

Participants

Eligible participants were recruited from an in-patient
ABI tertiary rehabilitative program in Canada. All
clinical participants were experiencing symptoms of
sub-acute to chronic ABI. Inclusion criteria regarding
participants were: (1) between 18 and 65 years of age,
(2) greater than 10 weeks post injury, and (3) possessed
Modified Ashworth Scale (MAS) scores between 0-3.

Participants were excluded if they demonstrated
behavioural issues or other pain that prevented safe
use of the robot. Individuals with MAS 4 were exclud-
ed as their resistive force would exceed safety limits.
Prior to study participation, informed consent was col-
lected from the participant or their guardian by a cli-
nician not associated with the study. Healthy controls
were a sample of convenience from the hospital and
university. All healthy controls were between the ages
of 28—65, in good condition, and were not experiencing
medical issues. Data collected and output by the system
would be transformed into a metric and used as an
outcome measure to be statistically analyzed. This
study was approved by the Hamilton Integrated
Research Ethics Board (REB) of the hospital (12-347)
and the University of Guelph REB (12SE020).

Assessment procedures

For all individuals with ABI, the MAS for elbow flex-
ion and extension was first performed by a physiother-
apist as it is the most commonly used clinical measure
for spasticity.! Studies with the MAS, a six-point ordi-
nal scale (0, 1, 1+, 2, 3, 4), have demonstrated it to
correspond best for the elbow joint.'"* Healthy con-
trols were grouped together and assigned their own
categorical label different from all clinical data. This
concept builds from previously published works that
demonstrated that a difference between the two
groups can be detected.”’” All clinical assessments
were performed moments prior to each robotic data
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collection session to ensure that all experimental data
was concomitant and reflective of their most current
condition. For consistency, individuals remained
seated in their specialized wheelchairs placed adjacent
to the robot arm shown in Figure 1. Using a standard
orthosis, the individual’s limb was interfaced to a force
sensor that was affixed to an adapted 6 Degree of
Freedom (DOF) industrial robot.”® Force data was col-
lected at the same point of contact on the individual
that healthcare professionals would use while perform-
ing an assessment.

Protocol

For both, patient and control groups, five passive flex-
ion and extension motions were performed consistently
in the individual’s para-sagittal plane as summarized in
previous works®"?® to ensure consistent within-subject
speed increments. Briefly, the robot flexed and extend-
ed the elbow joint at progressively increasing speeds
with each pair of flexion/extension motions.
Continuous velocity data values were used to fit the
linear approximation model for each individual as dis-
cussed in the following section. A physiotherapist was
present with the individual to pre-teach robot the indi-
vidual’s range of motion and ensure comfort.”® An
elbow rest alleviated the bulk weight of the arm,
while still allowing the sensor to detect similar resis-
tance readings to that of a clinician performing an
assessment.’”?® The final flexion/extensions motions
were performed at approximately 1.5rad/s, a value
consistent with literature.’*** The purpose of collecting

resistance readings with both, continuous values and a
set of different velocities, was to obtain a better depic-
tion of VDR. To provide rest, 2second pauses were
taken between each motion.

Outcome measures

All participants had 3-dimensional resistive force (IN),
position readings (mm), and time of occurrence data
collected at 60 Hz. Force data was collected from a 6
DOF ATI Force/Torque sensor, and was mounted
onto a FANUC F5 6DOF robot arm. This paper
presents a study that tests the relationship between
VDR during passive stretch and MAS scores in a
two-stage statistical analysis. First, the velocity depen-
dent component of the resistive forces was approximat-
ed from the continuous values of position, time, and
force readings. For investigative purposes, a relation-
ship between force, position, and velocity is con-
structed in the equation below:

F=aX+bX

Regressing force magnitude readings (F) onto posi-
tion (X) and velocity (X) allows parameters ¢ and b to
be used as outcome measures representing position
dependent and velocity dependent force components
respectively. Specifically, b represents the change in
force per unit change in velocity, where F represents
resistive force readings from the sensor, X represents
position readings, 'represents the velocity, and « and b

Figure |. Robotic arm passively leads limb through elbow flexion/extension through the para- sagittal plane while attached at the

wrist.
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represent the position dependent and velocity depen-
dent force components respectively.

For each affected limb of each subject, b was esti-
mated using the method of least squares in MATLAB
(Mathworks Inc.) where force magnitude readings were
dependent on both, position readings in millimetres
from initial starting position, and velocity data estimat-
ed from position and time readings. This approach also
utilizes all the force and position data collected at var-
ious velocities for determining VDR.

As the sign (4+\-) of b indicates direction of VDR
forces, only the absolute value or magnitude of b is
studied within the scope of this analysis and not the
direction. In this study, a separate b-values are calcu-
lated from flexion motions, extension motions, and
both flexion and extension motions together depending
on the analysis presented in the following section.

Analysis

The second stage tests whether the |b|-values exhibit a
relationship with the MAS scores assessed by the clini-
cian, including a separate category representing a
healthy control level of resistance. It is expected that
decreases in |b|-values would correspond with lower
VDR, and thus, lower clinical scores. Thus, it is
expected that healthy individuals would possess the
lowest |b|-values.

To test whether |b|-values were related to the MAS
(Hypothesis 1), three statistical analyses were per-
formed treating the |b|-values of each subject as a
response variable. A mixed linear model was fitted
using the calculated |b|-value as the dependent variable
and MAS score as an independent explanatory vari-
able. First, MAS Bicep (MASB) and MAS Tricep
(MAST) scores were tested separately in similar
models with subject and limb nested within subjects
included as random effects. Similar to the clinician
assessments, |b|-values in the MASB model were calcu-
lated from extension data whereas |b|-values in the
MAST model was calculated from flexion data. To
test main effects of MASB and MAST scores (includ-
ing the separate grouping of healthy controls), F-tests
were performed for each model testing for unequal
variance.

To test whether an MASB and MAST interaction
was affecting VDR values (Hypothesis ii), an interac-
tion model regressed |b|-values on all combinations of
MASB and MAST scores as separate categories,
referred to as MAS(B,T). For this model, new |b|-
values were calculated from both flexion and extension
motions as opposed to the single directions. These new
|b|-values were then fit into the interaction model. This
model helps determine whether differences in mean

|b|-values exist between MAS(B,T) scores and
healthy individuals (Hypothesis iii) as well as examine
the agonist/antagonist relationship between the two
assessments assumed independent of one another.
Specifically, healthy individuals are contrasted to indi-
viduals with ABI. All models were analyzed in SAS
(SAS Institute Inc.) using proc mixed, a specialized
procedure that could adjust variances for t-tests and
comparisons.

Results

Descriptive results

A total of 48 healthy individuals (18 male, 30 female)
and 42 (25 male, 17 female) individuals with an ABI
were recruited, confirmed eligible, and participated in
the study. Characteristics of the sample of clinical par-
ticipants are presented in Table 1. From this clinical
group, 42 participants were able to have both their
limbs tested. The data for these limbs were treated as
separate data entries as they often possessed different
MAS scores and were also treated in the statistical
model as separate limbs grouped within a single
participant.

Statistical results

The relationship between MAS scores and |b|-values
(Hypothesis 1), presented in Table 2, was tested using
F-tests for the fixed effects were separate models fitted
for MASB scores, MAST scores. Both MASB and
MAST scores had an effect on mean |b|-values
(p<0.0001). The final row shows the F-test for the

Table I. Demographics of clinical group with ABI.

Characteristic Values
Age (y) 450 13.9
Body mass (kg)(n=15) 849+ 16.9
Sex(M/F) 25/17
Unilateral/Bilateral 10/32
Etiology(T/H) 20/22

Note: Values are + SD or n.
y: years; M: male; F: female; T: traumatic; H: hemorrhagic.

Table 2. Fixed effects of MAS assessment scores on |b|-values
representing VDR.

Num  Estm.
Health-MAS(B/T) DF (Std Err.) Stat. P-Value
(0,0), (O,1), (1,0) 3 F=3.01 .03
(0,0 I —0.81 (1.68) t=-048 .634
o.1) I —6.87 (3.55) t=-048 .05
(1,0 | —5.12 (5.12) t=-048 .08
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interaction between MASB and MAST scores
(Hypothesis ii), which is also found to be significant
(p=0.0007) when combined and reparametrized as
an MAS(B,T) score.

The mean |b|-values for each MAS level, presented
in Table 3, also demonstrates through t-tests that all
levels of VDR were greater than zero; a finding consis-
tent with literature.'** This is significant as it demon-
strates strong evidence of VDR being present across all
categories of MAS scores including healthy subjects

Table 3. Mean estimates of |b|-Values for healthy individuals and
MAS scores separated by MAS Bicep and MAS Tricep. Results
from t-tests confirm that each score demonstrates |b| greater
than 0 (p < 0.05). Fundamentally, VDR values are generally
observed to increase with the MAS scores. The trend is con-
sistent when considering healthy limbs in addition to those from
a clinical population.

with notable differences in the range of each groups.
The mean |bj-values for each level of MAS and their
interactions were evaluated with boxplots, shown in
Figures 2 and 3 respectively, as well as estimates in
Table 4. By inspection, the boxplots provide evidence
that a difference in VDR between the low end of the
scale (H, 0, 1, 1+) and the higher scores of MAS 3 and
2. The low-end of the scale also suggests no differences
between low scores. Considering data from both muscle
groups together, however, the non-additive interaction
effect becomes clear as an increase in MASB scores does
not necessarily correspond to increases in |b|- values.
With the exception of MAS (3,3), all bicep and tricep
assessments that were equal (0,0), (1,1) etc. yielded rel-
atively low |b|-values. The interaction is best typified
comparing MAS(B,T) scores of (0,1) which is
16.69 = 2.11, whereas (1, 0) is 5.11 + 1.16

The mean estimates suggest that two distinct group-

Effect F-Stat P-value  jngs of VDR within the MAS, with the marked increase
MASB 16.25 <001 occurring between MAS 14 and 2 separating low and
MAST I1.55 <.001 high |b|-values. It is of

MAS Comb. 2.82 <.001 interest whether |b|-values can be used to differenti-
ate between the different MAS groups. Thus,
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Table 4. Mean |b|-Value estimates for healthy controls and combinations MAS Bicep,Tricep (B,T) scores.

MAS Bicep MAS Tricep

MAS Estm. Std. Err. P-Value Estm. Std. Err. P-Value
H 3.04 0.83 <.001 341 1.12 .004
0 3.77 0.82 <.001 3.55 1.01 .001

| 498 1.33 <.001 6.54 1.62 <.001
I+ 424 1.73 .02 4.66 2.26 .05

2 13.39 3.16 <.001 11.69 2.12 <.001
3 17.80 1.58 <.001 16.58 1.19 <.001

differences of means and contrast comparisons, pre-
sented in Tables 5 and 6, were performed to determine  Table 5. F-test and t-tests comparing healthy individuals to
whether differences exist across the neighboring assess- ~ individuals with an MAS 0. Denominator Degrees of

ment categories (Hypothesis iii). Several but not all ~Freedom=145.

MAS(B,T) groups were found to have statistically signif-  MAs (B,T) N Estm. Std Err. t-stat P-Value
icant differences in their VDR values. Comparing means

(Table 5), healthy individuals could be separated from Healthy 88 9.83 11 8.85 <.001
several groups but not those theoretically closest to g? Tg :223 ;gg 3;‘2‘ igg:
them on the MAS scale. Using the MAS(B/T) interaction O: I 4 470 499 0.94 :35
model, F-tests compared healthy individuals to those g, 2 26.90 708 3.80 <001
with an MAS score of (0, 0), (0, 1), or (1, 0). Healthy | g 18 511 249 206 04
individuals could be separated from those with low MAS |40 4 413 5.17 0.80 43
scores grouped together, shown in Table 6, but not the 1,I 12 9.21 2.98 3.0 .002
individual groups themselves at the 0.05 level. I,14 4 14.69 5.08 2.89 .004
I+,1 4 8.65 5.00 1.73 .09
. . I+,14 6 25.08 4.50 5.57 <.001
Discussion 1+.2 6 1152 468 2.46 .02
2,1 2 11.83 737 1.6l Nl
Relationship between MAS and |b| (hypothesis i) 22 4 8.14 6.0l 1.35 18
The most commonly used clinical scale for assessing §§ 23 %:; ;g; ?7’;‘8‘ <gg:

spasticity,’ the MAS, has sensitivity, objectivity, and
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Table 6. Contrasts between Healthy individuals and select
combinations of MAS Bicep, Tricep (B,T). Significant differences
in |b|-values were often found between neighbouring MAS
scores. This finding provides evidence that considering an inter-
action can help differentiate between Denominator Degrees of
Freedom = 145.

MAS Differences

(B,T) - (BT) Estimate Std Err  t-stat P-Value
Healthy—(0,1) —6.87 3.55 -1.93 .05
Healthy—(0,2) -17.07 7.17 -2.38 .02
Healthy—(1,0) 471 2.72 1.73 .09
Healthy—(1+,1,+)  —15.25 4.64 -3.29 .001
(0,0)—(1,0) 5.51 273 2.02 .05
0,0)—(1+,1+) —-14.45 4.66 =3.1 .002
©O,1)—(0,1+) 11.99 6.01 2.0 .05
0,1)—(1,0) 11.58 4.07 2.85 .005
O,1)—(1+,0) 12.56 6.17 2.04 .04
0,1+)—-(0,2) —22.20 8.67 -2.56 .0l
O, 14+)—(14,14) —20.38 6.55 =3.11 .002
0,2—(1+,1) 18.25 8.67 2.10 .04
0,2)—(1+,2) 15.38 7.00 2.20 .03
0,2)-(2,2) 18.76 9.29 2.02 .05
(LO)—(1+.1+) -19.97 5.10 291 <.001
(LD)=(1+.1+) —-15.87 5.33 —2.98 .003
(I4+,0)—(1+,1+) —20.95 6.85 -3.06 .003
(1) = (+1+) 1643 6.70 —2.45 .02
(IH14) = (14+.2) 13.56 6.50 2.09 .04
(I+1+) = @10 13.25 8.63 1.54 A3
(I+1+) = (2,2) 16.94 7.51 2.26 .03
(2,2) - (3.3) —-12.41 6.64 -1.87 .06

validity issues at measuring spasticity.®*> Small but
important changes in spasticity are often not detected
clinically, thus prolonging rehabilitation. Quantitative
representations of spasticity and its related symptoms
can alleviate this problem. Using sensors to provide
quantitative values provides another level of reliability
to assist clinicians.

In this study, the continuous VDR metric, “|b|”, is
proposed based on velocity dependent biomechanical
time-series resistive force data collected from a rehabil-
itation robot for UL motions in the para-sagittal plane.
The VDR metric was compared to clinical scores of
both major UL muscle groups. MASB and MAST
scores, while including healthy controls, were both
found to demonstrate a relationship with the |bl-
values in their respective models (p < 0.001). The pres-
ence of measured VDR and its relationship with the
clinical scale suggests that the effects detected by the
scale are also being detected by the system. These find-
ings provide further evidence for the utility of robotics
to help assist and fine-tune UL spasticity assessment
and stiffness in the para-sagittal plane, in addition to
other motions such as ankle plantar flexion®® or elbow
flexion/extension in the transverse plane.” A strength

of our study is that the robot was able to obtain
detailed temporal information without the need of
additional invasive or time- consuming procedures
such as needle EMG.

Furthermore, robotic approaches provide controlled
motions and a level of repeatability to reduce subjec-
tivity issues’” introduced from manual based methods.’
While not exclusively suggesting a method of
evaluation, the data collected provides clinicians with
preliminary estimates and ranges that form parts of
new methods to help assess and monitor changes in
an individual’s spasticity for a functional motion per-
tinent to ADL.

Interaction and differences (hypothesis ii)

An interaction between the MASB and MAST scores was
also found to be present in the relationship with |b],
a relationship otherwise difficult to detect by hand. This
suggests the VDR experienced by the limb is influenced
by the condition of both major muscle groups considered
together as opposed to individually which is how they are
currently performed. Fitting the new combined interac-
tion model can produce noticeably more variability in the
data, as non-additive

results can be observed by comparing estimates from
Table 3 to Table 4. The non-additive effect may also
explain why MAS 14 scores went against the general
trends presented in Table 4. The findings of the re-fit
data, however, suggests that an interactive model can
still describe this greater variability. A physiological
reason for this finding could be the fact that the
biceps and tricep muscle groups are already an ago-
nist/antagonist muscle pairing. This finding may
account for why previously described issues exist with
manual MAS evaluations that only consider 1 muscle
group.'® The contrasts between the different MAS(B,T)
interaction levels suggest a counter-intuitive non-addi-
tive structure for the scale when both scores are
considered.

Discussions with physiotherapists who performed
the MAS assessments yielded that a potential reason
for this effect is that individuals with moderate to high
MAS scores will possess a marked increase in resis-
tance, often termed as “the catch”,®® at a specific
point in their range of motion. After moving their
limb past the catch, the clinicians noted these individ-
uals will often exhibit lower resistance in their range of
motion. Previous studies from this population con-
firmed that a catch followed by decreased resistance
was observed in certain individuals.”® While not appli-
cable to every individual, this general observation from
the study population could help explain this
observation.
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Evidence of muscle group interaction having an
effect on VDR is significant as it suggests that VDR
by a single flexion or extension motion is influenced by
both muscle groups and should be considered during
traditional assessment. This application of these find-
ings could further augment and improve the sensitivity
of VDR assessment.

Contrasts to healthy controls (hypothesis iii)

Individuals without spasticity, including healthy con-
trols and MAS 0’s, are anticipated to still demonstrate
a natural amount of VDR behavior. Considering this,
values from healthy individuals were shown to be dif-
ferent from combined low end of the scale where MAS
(B/T) of (0, 0), (0, 1) and (1, 0) were grouped together.
This add further evidence to previous studies suggest-
ing differences from healthy participants.®”"’
Furthermore, |b|-values calculated for each limb
could distinguish the VDR between the high (>1+)
and low ends of the MAS (<1+). In light of the inter-
action between MAS Bicep and MAS Tricep score,
these findings may imply that some of the ambiguity
and sensitivity issues of the MAS may stem from the
scale attempting to communicate multiple factors relat-
ed to VDR, tone, stiffness, and spasticity. Instead, mul-
tiple dimensions or values, such as MASB and MAST
scores presented together, may be required to commu-
nicate this complexity. Using robot controlled metrics,
clinicians can now observe how these quantifiable VDR
data change over time.

Clinical impact

This robot-collected metric provides clinicians the abil-
ity to better monitor and assess changes in stiffness and
VDR for ABI subjects. Assessment is important for
treatment decisions and determining the effectiveness
of interventions.>”** This study presents findings for
isolated and quantified UL VDR from individuals
with ABI. The quantitative metric collected from the
robot presents continuous values which can be moni-
tored for changes over time. Demonstrating that the
biomechanical VDR |b| metric has a relationship with
the MAS in this plane confirms that any information
captured by the MAS for this motion is also being cap-
tured by the system. The |b|-value findings provides
evidence that the MAS does provides relevant informa-
tion for the elbow joint in the plane of motion, while
also providing a more informative representation com-
pared to using just the MAS itself. This is significant
for the rehabilitation process as limb assessments influ-
ence treatment decisions regarding UMN syndrome
and contracture. This is especially important for the
severe ABI population, for whom UMN syndrome

can be a major barrier to recovery while possessing
relatively stationary clinical scores.

The continuous valued quantities provided by an
individual’s |b|-value allows for a less restrictive cate-
gorical form of assessment and would reflect smaller
increments of change needed to address sensitivity
issues that result in delays. Finding a separation
between healthy individuals |b|-values and clinical |b|-
values helps healthcare professionals by providing the
ability to track changes in resistance with respect to a
healthy baseline. Findings of a jump in the scale could
suggest that analysis techniques within both subgroups
of the jumps could be treated or analyzed differently.
As well, observing greater resistance in the high end of
the scale compared to the low end suggests the system
can assist in the study of contractures.

The interaction between the bicep and tricep muscle
groups supports a case for new ways of constructing
clinical scales as current gold standards consider the
muscle groups independently.

The assessment techniques and data collected for
healthy individuals and those with ABI, demonstrate
that the system can assist elbow flexion/extension eval-
uation using biomechanical data. This aspect reduces
complexity, costs, and set-up times of exoskeleton type
systems>®*7 while making the system more favorable
for front-line use in clinical settings. Quantifying
VDR and directly relating it to the MAS provides clini-
cians with a clearer picture of changes in tone and thus
treatment efficacy. Furthermore, a robotic system
potentially allows for non-clinical staff to administer
assessments providing further cost benefits over time
whereas the MAS assessment requires clinician exper-
tise. The increased objectivity of |b| as compared to
MAS may be favourable in clinical settings where
timely decisions regarding VDR are required. The con-
trolled and repeatable nature of the robotic system’s
motions also helps move towards a standardized
assessment process and away from issues well docu-
mented with the MAS.

Limitations

Although clinical participants remained seated in cus-
tomized wheelchairs, minor measurement differences
may have occurred across participants depending on
wheelchair size. The participants’ ability to remain
relaxed during testing may also have impacted measure-
ment quality. Efforts to reduce these influences were
made by verbal encouragement. Due to the small
number of participants, several of whom are chronic
patients, as well as several multiple comparisons within
the population, study results should be considered of a
pilot nature and interpreted with care.
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Prospective multi-centered studies with larger sam-
ples may include additional populations such as
multiple-sclerosis and spinal cord injury to provide
more insight. In this study, only the relationship
between the MAS and the robot data was investigated,
but not with respect to change over time both within
sessions and across treatment programs. Inter and
Intra-subject speed variances and differences in ROM
also presents a limitation in interpretation of compar-
ing stiffness. Future works can address this by employ-
ing velocity and position controls. In addition, while
the current presentation of a MAS(B,T) as a combina-
tion of scores presents challenges, it can be considered a
step towards future work in improving communication
of an individual’s condition and improvements in a
way that clinically considers multiple muscle groups.

Prospective studies may look into all the above-
mentioned aspects, normalization of arm mass,
improved sampling rates, and other outcome measures.

Conclusions

This study establishes that VDR pertaining to neuro-
logical injury is detectable by a rehabilitation robotic
system leading the UL through motions in the para-
sagittal plane. The robot-controlled biomechanical
data alone can be quantified in a way that reflects
VDR information also captured by the MAS scale.
Findings obtained suggest natural VDR values from
healthy controls can be separated from individuals
with low MAS scores. This is significant as it suggests
that the low end of the MAS scale does not necessarily
reflect a return to full ability in terms of VDR.
Evidence of patients with higher MAS (2 and 3) had
increased stiffness whereas stiffness at the low end was
not consistent, suggesting the ability to assist in study-
ing contractures. Furthermore, an interaction between
MAS Bicep and MAS Tricep scores was found to have
a significant effect on quantified VDR values. Using a
robotic system focused on VDR assessment can reduce
variability introduced via clinician subjectivity or other
manual assessment based techniques.
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