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Abstract

Introduction—Reachable workspace is a measure that provides clinically meaningful
information regarding arm function. In this study, a Kinect sensor was used to determine the
spectrum of 3D reachable workspace encountered in a cross-sectional cohort of individuals with
ALS.

Method—-Bilateral 3D reachable workspace was recorded from 10 subjects with ALS and 23
healthy controls. The data were normalized by each individual's arm length to obtain a reachable
workspace relative surface area (RSA). Concurrent validity was assessed by correlation with
ALSFRSr scores.

Results—The Kinect-measured reachable workspace RSA differed significantly between the
ALS and control subjects (0.579+0.226 vs. 0.786+0.069; P<0.001). The RSA demonstrated
correlation with ALSFRSr upper extremity items (Spearman correlation p=0.569; P=0.009). With
worsening upper extremity function as categorized by the ALSFRSr, the reachable workspace also
decreased progressively.

Conclusions—This study demonstrates the feasibility and potential of using a novel Kinect-

based reachable workspace outcome measure in ALS.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive, lethal motor neuron disease
with prevalence of 3.9 per 100,000 in the US! and 5.4 in Europe.? In most cases the disease
appears sporadically, with only about 15% of patients possessing a known pathologic
genetic mutation.? It is characterized by upper and lower motor neuron loss resulting in
pervasive muscle atrophy and weakness, including upper extremity muscles. The upper
extremities are the most common site of disease onset, producing weakness and functional
impairment with reduced ability to perform self-care and activities of daily living (ADLS).
Several recent and ongoing ALS therapeutic clinical trials have aimed at improving both
cervical-innervated respiratory and arm functions.* However, measuring and tracking
clinical severity in ALS presents inherent challenges, as the disease is often asymmetric in
onset and spread in a single individual. It is also heterogeneous with highly variable rates of
progression from patient to patient. Outcome measures that are easily performed, cost
effective, portable, sensitive, and reliable for tracking upper extremity function in ALS are
severely lacking.

Currently, there are several measures used commonly to assess upper extremity involvement
in ALS. Manual muscle testing (MMT) and hand-held dynamometry (HHD) are used often,
but share several limitations in that they are evaluator dependent and are cumbersome. Both
measures provide results that can track upper extremity weakness in ALS, but they capture
only isolated strength over specific joints and do not measure overall arm function.
Furthermore, they are time-consuming and quite effort intensive, thereby making them
unpopular with study participants. The Accurate Test of Limb Isometric Strength (ATLIS)
system, a newer limb strength outcome measure, promises to be an improvement but is
equally time consuming, and the required equipment is not easily portable®, limiting its
potential for remote assessments. Hand grip testing is another upper limb measure employed
in ALS clinical trials. It is quick and simple to administer, but assesses only distal finger
flexor muscles. These tests are used in many but not all trials, illustrating the lack of
consensus regarding their utility.

The most commonly used outcome measure is the ALS Functional Rating Scale revised
(ALSFRS).8 It captures arm function in 3 items (items 4-6), with each item scored on a 5
point scale (0-4). Although ALSFRSr was designed specifically for ALS and has been used
widely in clinical trials, it is an ordinal rating scale with test metrics that have prompted
some investigators to propose that it does not meet modern outcome measurement
standards.>” Practically, the ALSFRSr scores show linear decline in most studies, but the
scale is multidimensional (bulbar, limb, and respiratory) and has limitations that corrupt its
metric quality.” Cognitive impairment in ALS, which often is characterized by poor insight,
is another potential source of inaccuracy.8 Lastly, this scale was not designed to adequately
capture the potential asymmetry of extremity impairments that can be observed in ALS. Not
only does this limit test sensitivity to detect impairment, but it is a severe limitation for trials
using a single side for intervention and the other as control.®

Recently, we demonstrated that 3D reachable workspace can be measured reliably using a
simple, lightweight, single camera system (the depth-sensing Microsoft Kinect).10 The
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Kinect-acquired results were comparable to that obtained by a more complex and expensive
multi-camera motion capture system.10 The Kinect-based system enables quick and
reproducible upper extremity motion capture with accurate and reliable reconstruction of the
3D reachable workspace. One of the earliest uses of the Kinect system was in ergonomics,
where it was used to evaluate and design pilot workspace in an airplane.l! Later the concept
was developed as a functional measure of the upper extremity based on kinematic and
goniometry information. Reachable workspace has been applied as a relevant upper
extremity outcome measure in various neuromuscular diseases [facioscapulohumeral
muscular dystrophy (FSHD), Becker muscular dystrophy (BMD), Duchenne muscular
dystrophy (DMD)] 12-14 and shows promise as an upper extremity assessment tool and novel
outcome measure in ALS.

In this study, our objective was to determine the spectrum of reachable workspace
encountered in ALS subjects and compare it to healthy controls. In addition, we aimed to
evaluate the concurrent validity of the novel Kinect-measured reachable workspace as an
outcome measure in ALS by assessing correlation with the ALSFRSr upper extremity items.
We also made a similar comparison to the Brooke Upper Extremity Functional Scale, a
measure developed to assess upper limb function in Duchenne muscular dystrophy.1®

MATERIALS AND METHODS

Participants

A total of 10 subjects with ALS (7 women, 3 men) and 17 healthy controls (10 women, 7
men) participated in the study. The ALS subjects were recruited from the UC Davis ALS
clinic. Subjects were diagnosed by El Escorial-Awaji criteria (2 definite, 6 probable, 2
possible) and had ALSFRSr scores ranging from 18 to 43 (average 31). The protocol was
approved by the UC Davis Institutional Review Board (IRB). The healthy controls were
without any neuromuscular or musculoskeletal disorder and were recruited using IRB
approved advertising. Exclusion criteria for the healthy controls consisted of any impairment
in arm function that prevented abduction in a full circle until both arms touched above the
head. Written informed consent was obtained before any study procedures were conducted
on both ALS subjects and healthy controls. Clinical history, demographic and
anthropometric information (age, gender, height, and weight) was obtained from each
subject.

ALSFRSr

The upper extremity sub-score of the ALSFRSI®, i.e. items number 4-6 (score range: 0-12),
was used to characterize the functional limitations of the limbs of each study subject. The
ALSFRSr upper extremity items are: Item 4, “Has your handwriting changed?”; Item 5A,
for patients who eat most of their food by mouth, “Cutting food and handling utensils”, or
Item 5B, for those who primarily rely on a feeding tube, “Using a feeding tube (PEG)”; and
Item 6, “Has your ability to dress and perform self-care activities (i.e. bathing, teeth
brushing, shaving, combing your hair, other hygienic activities) changed?” Each item is
scored from 0-4 on an ordinal scale, where 4 represents normal and 0 represents no
remaining function. As another comparison for the study cohort, the Brooke® upper
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extremity function scores were also assigned. Brooke scores range from 1-6: 1 (full
abduction of arms above the head); 2 (can raise arms above head only by flexing the elbow
and shortening the circumference of the movement); 3 (cannot raise hands above head, but
able to raise an 8-0z glass of water to the mouth); 4 (can raise hands to mouth but cannot
raise an 8 oz. glass/cup of water to mouth); 5 (cannot raise hands to the mouth, but can use
hands to hold a pen or pick up pennies from the table); and 6 (cannot raise hands to the
mouth and has no useful function of hands).

Upper Extremity Reachable Workspace Protocol

The upper extremity 3D reachable workspace reconstruction by the Kinect system, based on
arm movement, followed the previously published protocol (Fig.1).19-13 Assessment of each
limb took approximately 1 minute using the methods we published previously. Briefly, the
arm movement protocol requires the subject to sit on a narrow chair without armrests and
move each arm independently under the direction of a clinical evaluator through a set of
standardized movements. We instructed the subjects to reach as far as they could with an
extended elbow, without leaning forward or twisting their shoulders or body. When they
were unable to reach further they were instructed to return to starting position with the arms
at their side. We standardized the assessment by having the participants follow a pre-
recorded video. This encouraged participants to maintain a similar execution speed to limit
variability due to the velocity of movement. In addition to the instructional video, the study
evaluator also demonstrated the movements for the subjects to limit compensatory trunk
rotation or forward leaning. If such movements were observed, the recording was repeated.

Reachable Workspace Surface Envelope Analysis

After recording the arm motion with a Kinect sensor, we transformed the trajectories and
constructed a graphic output using methods described previously.1? To enable a better
understanding of where reductions of RSA occur, we divided each arm’'s RSA hemisphere
into 4 quadrants. We used the shoulder as the anchor point for the horizontal and vertical
divisions. We then calculated the total absolute reachable workspace surface envelope area
(m?2) and also the reachable workspace in each quadrant. Next, we normalized the absolute
surface envelope area by arm length to calculate a relative surface area (RSA). The RSA
facilitates comparison between subjects with different heights or arm lengths. The RSA
represents the portion of the frontal hemispherical space that can be reached by the
individual's hand movements (Fig. 1). It is determined by dividing the absolute reachable
workspace surface envelope area by the ¥ of 4ntr2, where r represents the radius of the
sphere (i.e. the extended arm length between the shoulder joint and hand).

Statistical Analysis

In this study we tested a new outcome measure that could be used to describe the central
tendency and variability of RSA in subjects with ALS compared to healthy controls. We
determined whether subjects with impaired upper extremity function had reduced RSA.
Differences were determined between groups using the Welsh 2-sample t-test, as the ALS
subjects RSAs were not distributed normally. The concordance correlation was calculated
using the Spearman method to compare the ordinal ALSFRSr with the continuous RSA
variable. ANOVA was used to assess differences between groups, and a post-hoc Tukey test
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was used to determine sub-group differences. All statistical analysis was conducted using
SAS 9.4 software. For all analyses, a P-value of 0.05 was accepted as the level of statistical
significance.

RESULTS

Study Participants

A total of 10 subjects with ALS (average age 67.4+8.8 years) and 17 healthy controls
(average age 66.2+7.4 years) participated in the study. No significant group differences were
found for age, height, or weight. Table 1 lists the basic anthropometric information, height,
weight, Brooke score, ALSFRSr, and ALSFRSr upper extremity score. All 10 ALS subjects
were able to perform the testing, despite several individuals having marked impairment of
arm function.

Reachable Workspace Comparison between Healthy Controls and Subjects with ALS

The reachable workspace of the ALS subjects was significantly reduced compared to
controls (0.579+0.226 vs.0.786+0.069; P<0.0001). Figure 2 shows the graphical outputs of a
normal control, a moderately affected ALS subject, and a severely affected ALS subject
(ALSFRSr combined upper extremity scores of 8 and 4, respectively). The RSA quadrants
that were most affected by ALS were the upper quadrants 1 and 3, but the difference
compared to controls was statistically significant in all quadrants as shown in Table 2. The
total and quadrant RSAs of ALS subjects and controls are represented graphically in Figure
3.

Reachable Workspace and Hand dominance

Association between reachable workspace and hand dominance in the ALS study cohort was
examined. We observed no significant differences in reachable workspace between
dominant and non-dominant sides in this cohort of ALS subjects (data not shown; P=0.824).
Although no side-to-side difference in RSA between dominant and non-dominant upper
limbs was noted in the ALS cohort, the Kinect-based system demonstrates the capability to
detect asymmetry in reachable workspace that can be seen in patients with ALS. Figure 4
illustrates such an arm asymmetry in reachable workspace found in an individual with ALS.

Reachable Workspace by ALSFRSr arm score and Brooke

The ALSFRSr scores for item 4 were all between 2 and 4, and there was no statistically
significant relationship between ALSFRSr item 4 and the RSA (Figure 5A). Looking at the
other 2 ALSFRSr upper limb items individually compared to the RSA, there is a statistically
significant relationship for both items 5 and 6 with the reachable workspace RSA,; this is
illustrated in Figure 5B and C. An overall lower score on the ALSFRSr arm items
(combined) corresponded to a contracted reachable workspace RSA, as would be predicted,
since they are both measures of upper extremity function. This is illustrated by stratifying
the ALSFRSr upper extremity scores to low (0-4), medium (5-8), and high (9-12) scores in
relationship to the RSA as shown in Figure 6. The total RSA as measured by Kinect
correlates with the ALSFRSr arm score (p=0.569; P=0.009). Comparing each quadrant of
the RSA to the low, medium, and high arm function by the ALSFRSr shows a relatively
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larger loss in the upper quadrants (Figure 7A). The Brooke score shows a very strong
correlation with the RSA (p=0.865, P<0.0001), and its relationship to total and quadrant
RSA is shown in Figure 7B.

DISCUSSION

The relentless and progressive nature of ALS results in eventual and nearly ubiquitous arm
dysfunction in patients with ALS. The rate of disability and relative symmetry of
dysfunction are highly variable among patients, however, the upper extremities are the most
commonly affected region of the body. The importance of upper extremity impairment in
ALS is supported by the inclusion of measures of upper extremity strength and function in
the vast majority of ALS clinical trials. Several outcome measures of arm function are
available, but the ALSFRSr is the most widely-used measure in ALS clinical trials due to
the relative ease with which it can be administered, its brevity and lack of costly equipment,
and its ability to be adapted for remote telephone administration; however, it is not a
continuous variable and lacks granularity to identify small but perhaps significant changes in
function.

In our previously published papers, we have demonstrated the feasibility of using the Kinect
sensor system to acquire a reachable workspace outcome measure, which is capable of
discerning changes in upper extremity function for clinical trials. We have shown that
reachable workspace RSA is both reliable and has discriminant validity to identify
significant differences between healthy controls and patients with other neuromuscular
diseases.1214 In this paper, we follow up on previously published work by extending its
application to a cohort of ALS patients with varying upper extremity involvement. The
findings demonstrate the capacity of the instrument to discriminate between groups of
individuals with and without disease (P<0.0001). In addition, we compared the RSA to the
ALSFRSr upper extremity measure and found a moderate correlation between the two
measures as well as a strikingly parallel correlation using the Brooke score. We believe the
moderate correlation between the RSA and ALSFRSr can be explained by important
differences in the measures; the RSA reflects multi-segment arm strength, and the ALSFRSr
indicates mostly hand function.

We show that the reachable workspace RSA is measured quickly and easily even in severely
affected individuals with ALS, illustrating its ability to capture and discern data across all
disease severities (range of ALSFRSr upper extremity measure from 4 to 12, and Brooke
grade from 1 to 4). Although the sample size was small, the data suggest that the system and
our methodology is not only capable of detecting differences in reachable workspace RSA,
but may be sensitive enough to differentiate observed changes within each quadrant between
individuals with normal function and those with mild, moderate, and severe impairment as
categorized by both the Brooke scale and the commonly used ALSFRSr upper extremity
items. Unlike the Brooke scale and ALSFRSr, reachable workspace RSA is a continuous
variable, which may allow for increased statistical sensitivity to detect change compared to
these ordinal measures. Verification of these results is needed with data from a larger
sample. In addition, we have shown that reachable workspace RSA has the capacity to
capture asymmetric upper limb dysfunction within a single patient (Figure 4).
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Additional attributes of the Kinect sensor system include its portability and potential as a
remote assessment tool. The Kinect system was developed as an in-home gaming system. It
is capable of transmitting data electronically and can be programed with instructional video
to reduce reliance on clinical evaluators. ALS is a rapidly debilitating disease, and many
trial subjects become unable to travel to a study site before their death. The potential to
conveniently capture functional data from a patients’ home using this methodology is
particularly promising.16

There were several limitations of this study; as a pilot feasibility study it is limited by small
sample size and recruitment of a convenience sample. Reachable work space RSA, while
being a multi-joint upper limb measure, is largely influenced by movements of the shoulder
joint, and to a lesser degree the elbow and wrist joints; whether this affects its ability to
capture change in patients with varying patterns of upper extremity weakness remains to be
determined. In addition, most outcome measures currently used in ALS trials are more
sensitive to lower motor neuron dysfunction as opposed to upper motor neuron dysfunction.
The published experience with reachable workspace has been centered on neuromuscular
conditions. There are no published data on central nervous system disorders, which may be
an area for further studies.

Finally, reachable workspace RSA is not a measure of global ALS disease severity. As this
was a cross sectional study, we were not able to compare disease progression slopes to those
of global measures, such as the ALSFRSr. However, we believe the value of reachable
workspace RSA lies in its ability to precisely capture small incremental change in upper
limb function as a continuous variable, and, as a companion outcome measure, to expand the
granularity of global measures to detect small but significant change. We believe that the
data collected in this study confirm the utility of the novel reachable workspace RSA as an
outcome measure in ALS and substantiate its potential to be a superior upper limb outcome
measure. Additional prospective longitudinal studies are needed and are currently ongoing
to validate this preliminary experience, to further characterize common patterns of upper
limb functional loss in patients with ALS and to compare the performance of reachable RSA
to other measures used to track ALS progression.

CONCLUSION

As an outcome measure, the Kinect-measured reachable workspace holds promise as a
quick, affordable, scalable, and unobtrusive tool to monitor disease progression in ALS. It
may be used to evaluate efficacy of novel therapeutics in clinical trials. The measure could
be of particular use in trials specifically targeting the upper extremity/cervical spinal cord.
We plan to conduct a longitudinal study with a larger sample to further examine its
sensitivity to change, validity as compared to other outcome measures, and reliability in
ALS.
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ABBREVIATIONS
3D Three-dimensional
ADLs activities of daily living
ALS Amyotrophic lateral sclerosis
ALSFRSr ALS Functional Rating Scale revised
ATLIS Accurate Test of Limb Isometric Strength
BMD Becker muscular dystrophy
DMD Duchenne muscular dystrophy
FSHD Facioscapulohumeral muscular dystrophy
HHD hand-held dynamometry
MMT Manual muscle testing
RSA Relative surface area
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Figure 1.
An image of a patient performing the reachable workspace protocol with a Kinect sensor

(arrow points to the location of the mounted Kinect sensor) and a visualization of the
reachable workspace output. This example shows the reachable workspace quadrants 1, 2, 3
and 4 in the right upper extremity perspective.
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Figure 2.
Example of graphical outputs of Kinect-based reachable workspace RSA (left upper

extremity perspective shown). (A) Normal control showing a nearly hemispherical surface
area. (B) A moderately impaired subject with ALS (ALSFRSr upper extremity score = 8)
demonstrating reduced RSA primarily in the upper quadrants. (C) A severely impaired
subject with ALS (ALSFRSr upper extremity score = 4) demonstrating markedly reduced
RSA in all quadrants.
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Figure 3.
A reachable workspace plot demonstrating graphical comparison of total and quadrant RSAs

of individuals with ALS and healthy controls (right upper extremity perspective shown). The
lower quadrant RSAs are relatively preserved compared to the upper quadrants in the ALS
subjects.
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Left

Figure4.
Asymmetry of upper extremity reachable workspace in a single study subject with ALS

demonstrated by the Kinect-based RSA.
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Figureb5.
Scatterplots of ALS subjects’ total RSA by ALSFRSr upper extremity item score for A)

item 4: “Handwriting”, B) item 5: “Cutting food”, and C) item 6: “Dressing/Hygiene”.
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Figure6.

Box-and-whiskers plot showing the total RSA of the ALS cohort categorized by the
combined ALSFRSr upper extremity item scores in tertiles (mild impairment: 9-12;
moderate impairment: 5-8; and severe impairment: 0-4).
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Figure7.

Bar graphs showing the gradual reduction in the total and quadrant RSAs of the ALS cohort
compared to controls by (A) combined ALSFRSr upper extremity item scores (divided in
tertiles), and (B) Brooke grades 1-4. Note the decrease in RSA that occurs with impairment
in arm movement as measured by these 2 scales (*denotes significant difference between
groups, P<0.05; ns = no significant difference).
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Relative surface area (RSA) of the reachable workspace surface envelope from controls and ALS subjects by
quadrant and total area.

Quad 1 | Quad 2 Quad 3 Quad 4 TOTAL
Contralateral Quadrant Ipsilateral Quadrant
Cohort (n) Upper L ower Upper L ower
ALS (20) 0.125+0.068 | 0.097+0.054 | 0.163+0.084 | 0.195+0.062 | 0.579+0.226
Control (34) 0.196+0.041 | 0.135+0.044 | 0.227+0.014 | 0.228+0.013 | 0.785+0.070
ALS vs. Control (P-value) <0.0001 0.0124 <0.0001 0.0036 <0.0001

Means + SD and sample size (n) are presented as the average for dominant and non-dominant sides. ALS vs. Control by a 2-sample t-test.
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