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Abstract

Introduction—A depth-ranging sensor (Kinect) based upper extremity motion analysis system 

was applied to determine the spectrum of reachable workspace encountered in 

facioscapulohumeral muscular dystrophy (FSHD).

Methods—Reachable workspaces were obtained from 22 individuals with FSHD and 24 age- 

and height-matched healthy controls. To allow comparison, total and quadrant reachable 

workspace relative surface areas (RSA) were obtained by normalizing the acquired reachable 

workspace by each individual’s arm length.

Results—Significantly contracted reachable workspace and reduced RSAs were noted for the 

FSHD cohort compared to controls (0.473±0.188 vs. 0.747±0.082; P<0.0001). With worsening 

upper extremity function as categorized by the FSHD evaluation subscale II+III, the upper 

quadrant RSAs decreased progressively, while the lower quadrant RSAs were relatively preserved. 

There were no side-to-side differences in reachable workspace based on hand-dominance.

Discussion—This study demonstrates the feasibility and potential of using an innovative 

Kinect-based reachable workspace outcome measure in FSHD.
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INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD) is a slowly progressive autosomal 

dominantly inherited myopathy with an estimated prevalence of 1:15,000–1:20,000.1–3 

FSHD is caused by loss of a critical number of sub-telomeric D4Z4 macrosatellite repeats 

that contain copies of DUX4 homeodomain retrogene.4–6 As its clinically descriptive name 

implies, FSHD most notably affects facial and shoulder girdle muscles. However, patients 

with FSHD also develop weakness in anterolateral leg, hip girdle, distal upper extremity, 

and neck and back muscles. In some patients with progression of the disease to involve the 

lower extremity muscles, ambulation can be affected with estimates of about 20% becoming 

wheelchair dependent.7 However, the hallmark pattern of weakness in FSHD causing 

significant functional impairment occurs in the shoulder girdle.7,8 The stereotypical 

progression of weakness in the shoulder girdle and humeral region results in anterior 

rotation of shoulders (sloping shoulder posture), scapular winging, triangular shoulders, and 

loss of ability to abduct the arms.

Recent efforts to develop treatment for FSHD have identified a host of potential therapeutic 

targets for FSHD including ribonucleic acid (RNA) interference and other gene silencing 

strategies that block DUX4 expression or mitigate the downstream effects of DUX4 

expression.9,10 In addition to agents that target the genetic mechanism producing FSHD, 

randomized clinical trials are being considered to determine the efficacy of several 

promising pharmacologic compounds (including selective androgen receptor modulators, 

myostatin inhibitors, and troponin activators) that aim to promote muscle growth, reduce 

muscle degeneration, and/or improve skeletal muscle function.11

Evaluating the efficacy of these promising therapeutic agents for FSHD will require 

development of appropriate clinical trial outcome measures. Traditionally, most of the 

efficacy trials in neuromuscular diseases have focused on mobility (6-minute walk test) and 

lower limb outcome measures (time to stand, time to climb 4 stairs) as their primary 

outcome measure.12–14 However, focusing on ambulatory outcome measures for clinical 

trials in FSHD would not measure the primary impairment that is most common to 

individuals with FSHD, weakness of the shoulder girdle and impairment of the upper 

extremity function. Furthermore, upper extremity function is critical to evaluate and include 

in clinical studies, since it is tied closely to an individual’s basic self-care activities of daily 

living (ADLs: feeding, grooming, dressing, and bowel and bladder care), independence, and 

quality of life. Several recent international workshops have highlighted the need to identify 

and develop innovative clinical outcome measures that can be used for efficacy studies in 

both ambulatory and non-ambulatory neuromuscular disease populations.15–18

To address the lack of clinical tools for evaluation of upper extremity function, we have 

previously developed an innovative 3-dimensional (3D) vision-based sensor system (using a 

single depth-ranging sensor rather than the costly traditional multi-camera motion capture 

system) that can unobtrusively detect an individual’s reachable workspace that reflects 

individual global upper extremity function.19–21 Evaluation of the developed outcome 

measure framework and detection system using a commercially available and cost-effective 
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single sensor platform (Microsoft Kinect sensor) demonstrated its validity, high reliability, 

and promise towards clinical trials in various neuromuscular disorders.22

In this study, we assessed the applicability of the Kinect-based reachable workspace 

outcome measure in FSHD. Specifically, we aimed to determine the spectrum of reachable 

workspace in a cohort of individuals with FSHD compared with a cohort of healthy controls. 

In addition, we wanted to evaluate the feasibility, validity, and discriminative ability of the 

Kinect-based 3D upper extremity motion analysis system to assess the reachable workspace 

in FSHD patients.

MATERIALS AND METHODS

Participants

Twenty-two subjects with FSHD (11 women, 11 men; average age: 53.7 ± 18.8 years) and 

24 healthy controls (12 women, 12 men; average age: 45.9 ± 14.1 years) participated in the 

study. The FSHD study participants were recruited from a regional neuromuscular disease 

clinic. All FSHD participants were diagnosed based on confirmed genetic analysis showing 

loss of D4Z4 repeats of the DUX4 homeodomain retrogene at the chromosome 4q35 

telomere. Healthy controls without any neuromuscular or musculoskeletal disorders were 

recruited through University Institutional Review Board (IRB) approved advertisements and 

postings. Exclusion criteria for controls consisted of individuals with impairment in arm 

function that prevented abduction in a full circle until they touched above the head. The 

study protocol was approved by the University IRB for human protection and privacy for 

research. Consent was obtained prior to study participation from all subjects or parents/

guardians and was documented by a signed IRB approved consent form.

Experimental Procedures

Clinical history, demographic and anthropometric information (age, sex, height and weight) 

were obtained from each subject. Arm lengths for each subject were extracted automatically 

from the Kinect sensor data as described previously.22 The FSHD evaluation scale23 (score: 

0–15) was used to characterize quantitatively the clinical severity of the disease in all study 

subjects.

Briefly, the FSHD evaluation scale and “clinical score” assesses the strength and 

functionality of 6 muscle groups on an ordinal scale: (I) facial muscles, (II) scapular girdle 

muscle, (III) upper limb muscles, (IV) distal leg muscles, (V) pelvic girdle muscles, and 

(VI) abdominal muscles. Global upper limb function was characterized further on a 6-point 

scoring system by combining the values from the scapular girdle subscale (II: scored 0–3) 

and the upper limb subscale (III: scored 0–2) of the FSHD evaluation scale. The FSHD 

evaluation subscale for scapular girdle function (II) uses a scoring system where a value of 0 

is given if there is no impairment, a value of 1 is given if there is mild involvement with no 

limitation of arm abduction, a value of 2 is given if the arm abduction is >45°, and a value of 

3 is given if the arm abduction is ≤45°. For the upper limb muscle subscale (III), a value of 0 

is given if there is no involvement of triceps, biceps, common finger and wrist extensors, 

and long finger and wrist flexors from either arm, a value of 1 is given if at least 2 of the 
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aforementioned muscles are affected with Medical Research Council (MRC) scale strength 

score >3, and a value of 2 is given if at least two of the aforementioned muscles has a value 

≤3 on the MRC scale (unable to move the limbs against gravity). All control subjects were 

healthy, and each had a combined FSHD evaluation scale score of 0. The total FSHD 

evaluation scale scores and the combined (additive) scores of the subscales II & III, as well 

as the Kinect-acquired reachable workspace data were collected in all subjects.

Upper Extremity Reachable Workspace Protocol

The experimental protocol for sensor system setup and arm movement detection followed 

the already published protocol.22 Subjects were seated in front of the Microsoft Kinect 

sensor and underwent a standardized upper extremity movement protocol under the 

supervision of a study clinical evaluator, as described previously.22 Briefly, a simple set of 

standardized movements consisted of lifting the arm from the resting position to above the 

head while keeping the elbow extended, performing the same movement in vertical planes at 

around 0, 45, 90, and 135 degrees. The second set of movements consisted of horizontal 

sweeps at the level of the umbilicus and shoulder. The entire sequence of movements was 

recorded together. The study protocol movements typically took less than 1 minute for the 

entire sequence of movements, yet the shoulder underwent its full range of motion (except 

for the extreme shoulder extension that is limited by the back of the chair). To standardize 

the assessment and control for execution speed, the participants followed a pre-recorded 

instructor’s movement through a video feedback. Subjects were instructed to reach as far as 

they could while keeping the elbow extended, and without leaning forward or twisting the 

body. If they were unable to reach further, they were instructed to return to the initial 

starting position with their arms at their side, and perform the next sequence of movements. 

In addition, the study clinical evaluator (Kinesiologist, AN) also demonstrated the 

movements in front of the subject to dictate the speed, monitor for excessive compensatory 

movements (trunk rotation or leaning forward), and further reinforce the order of movement 

sequence. If the subject leaned or trunk rotations were observed, the recording was repeated 

from the beginning with adequate rest breaks.

Reachable Workspace Surface Envelope Analysis

The Kinect sensor-tracked 3D hand trajectory was transformed into a body-centric 

coordinate system, and each individual’s reachable workspace envelope was reconstructed 

in a graphical output using methods described previously.19–22 Each side’s reachable 

workspace envelope was divided into 4 quadrants with the shoulder joint serving as the 

origin. The sagittal plane through the shoulder joint defined the ipsilateral and contralateral 

side of the workspace, while the horizontal plane at the level of the shoulder joint defined 

the top and bottom parts of the workspace quadrants. The quadrants are enumerated as 

shown in Figure 1. As previously described and validated, we calculated the absolute total 

reachable workspace surface envelope area (m2) as well as areas for each of the 

quadrants.19–22 Normalization of acquired reachable workspace by each individual’s Kinect-

extracted arm length and unit hemi-sphere (relative surface area: RSA) allowed comparison 

between subjects. The reachable workspace RSA represents the portion of the unit hemi-

sphere that is covered by an individual’s hand movement. It is determined by dividing the 

absolute reachable workspace surface envelope area by the factor 4πr2 × (1/2), where r 
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represents the distance between the shoulder joint and fingertips. This allows scaling of the 

data by each person’s arm length to allow normalization for comparison between subjects.

Statistical Analyses

The objectives of this study are to develop and test a new outcome measure that could be 

used to describe the central tendency and variability of this test in subjects with upper 

extremity functional impairments from FSHD as compared to able-bodied healthy controls. 

We assessed the validity by determining whether subjects with documented impairment in 

ROM had significantly reduced reachable workspace. Data was checked for normality 

through the Shapiro Wilk test and analyzed parametrically. Differences were determined 

between subgroups by using an ANOVA or t-tests for 2 groups. All statistical analyses were 

conducted using SAS 9.2 software. For all statistical analyses, a P-value of 0.05 was 

accepted as the level of statistical significance.

RESULTS

Study participants

The primary aim of the study is to characterize and compare the Kinect sensor acquired 

reachable workspace surface envelope areas between the 2 cohorts, 22 participants with 

FSHD and 24 controls. There was no significant age difference between the FSHD and 

control cohorts (52.5 ± 19.0 years vs. 44.6 ± 15.0 years; P=0.12). In addition, there was no 

significant difference in heights of the 2 cohorts (FSHD mean 168.8cm, Control mean 

170.3cm, P=0.47). Table 1 provides a basic description of the demographics of the FSHD 

cohort by age, gender, height, weight, total FSHD evaluation scale score, and combined 

subscale scores for II (scapular girdle involvement) and III (upper limb involvement). Of the 

22 FSHD participants, only 1 was unable to complete the reachable workspace assessment 

due to severe upper extremity weakness. This participant was the oldest of the 3 participants 

with the most impaired upper extremity function score (combined FSHD subscale II & III 

score of 5). The remainder of the FSHD participants, encompassing various levels of overall 

severity (FSHD clinical scores ranging from 2 to 11) and displaying a full-spectrum of upper 

extremity weakness (combined FSHD subscale II and III scores ranging from 1 to 5), were 

able to complete the reachable workspace protocol.

Reachable workspace comparison between healthy controls and a cohort of individuals 
with FSHD

Figure 1 shows the example graphical outputs of the reachable workspace and quadrant 

enumeration from a healthy control and an individual with FSHD. Table 2 lists the mean 

relative surface area (RSA) of the reachable workspace envelope for individuals with FSHD 

and controls by quadrant and total area. Participants with FSHD demonstrate significantly 

less RSA than controls in upper quadrants 1, 3, and the ipsilateral lower quadrant 4 

(P<0.01). No significant differences were observed in quadrant 2 (contralateral lower 

quadrant) between the cohorts (P=0.173). Figure 2 presents the difference between the mean 

RSA values graphically for the FSHD cohort (blue) and controls (red) on a radar plot.
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Reachable workspace and Hand dominance

Association between reachable workspace and hand dominance for both the FSHD and 

control cohorts was evaluated. We observed no significant differences in reachable 

workspace between dominant and non-dominant sides in any quadrant for both the FSHD 

and control cohorts. Table 3 lists the mean relative surface area (RSA) for dominant vs. non-

dominant sides of the FSHD and control cohorts by quadrant and total area.

Reachable workspace by FSHD Evaluation Subscale II and III

Table 4 reports the mean reachable workspace relative surface area (RSA) for the FSHD 

cohort stratified by a combined FSHD evaluation subscale II and III scores. Sub-group 

analyses were not appropriate and unavailable due to the majority of patients 

disproportionately displaying evaluation scores of 2 and 3 (and small sample size in other 

categories).

As can be observed in Figure 3A and 3B, the trend shows an inverse relationship between 

the reachable workspace RSAs and the combined subscale II & III scores: lower combined 

score (less upper extremity impairment) results in larger reachable workspace RSAs. On the 

other hand, as the upper extremity function worsens in the FSHD cohort with higher 

combined subscale II and III scores, the reachable workspace gradually gets smaller with the 

upper quadrant RSAs (quadrants 1 and 3) being affected most dramatically.

DISCUSSION

Upper extremity function is significantly impaired in FSHD. It impacts not only the 

activities of daily living, but independence status and quality of life are affected as well. 

There are many clinical outcome measure options available for assessment of the upper 

extremity, including manual and quantitative muscle test (MMT, QMT), goniometry (range 

of motion, ROM), standardized timed function tests (9-hole peg test),24 Jebsen-Taylor hand 

function test,25 and motor function scales (Brooke; Disabilities of Arm, Shoulder, and Hand-

DASH).26,27 Traditionally, 2 of the most commonly used measures to assess upper 

extremity function have been range of motion (ROM) and strength. Although ROM and 

strength measures provide quantitative results that can be useful for tracking segmental 

upper extremity function, they inherently isolate specific joint or body segments and provide 

limited portrayal of the global upper extremity functional deficits. In addition, ROM 

information is presented typically as a long list of numerical joint angles, which makes 

visualization of overall upper extremity functional performance challenging and non-

intuitive. Furthermore, ROM and strength measures as well as many of the other clinical 

assessments are time-consuming, effort-intensive, and often operator experience-dependent.

In order to meet these challenges in assessing upper extremity function and to provide a 

reliable and valid outcome measure that is scalable for clinical studies, we have developed 

an intuitive 3D reachable workspace outcome measure obtained via a markerless single 

depth-ranging camera sensor system.19,20 In our previously published studies, we 

demonstrated the validity and reliability of acquiring upper extremity motion data using a 

cost-effective and unobtrusive vision-based sensor system (Microsoft Kinect) to reconstruct 
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a 3D reachable workspace that is reflective of an individual’s global upper extremity 

function.21,22 The continuous nature of the reachable workspace surface area outcome 

measure allows for increased sensitivity to detect subtle changes in upper extremity 

functional capacity as well as flexibility to apply sophisticated statistical analysis methods 

that would not be possible with ordinal outcome variables. Furthermore, normalization of 

reachable workspace by each individual’s arm length (relative surface area, RSA) allows 

comparison between individuals with different height/arm lengths and ages and is applicable 

across patient groups. As a global upper extremity functional measure, the reachable 

workspace can also account for factors that would otherwise alter upper extremity active 

range of motion (such as contractures reducing an ‘effective radius’ of the arm length used 

for reachable workspace).

In this study, we applied the reachable workspace outcome measure clinically to FSHD, 

where stereotypical shoulder girdle weakness is a prominent and debilitating feature of the 

disease. Specifically, we examined the applicability and discriminative ability of the Kinect-

based 3D upper extremity motion analysis system to assess the reachable workspace in a 

cohort of individuals representing a wide spectrum of clinical phenotypes that can be 

encountered in FSHD population. Recently, the FSHD evaluation scale and clinical score23 

was developed specifically for FSHD to provide an overall assessment of disease severity. 

The subscales II (scapular girdle) and III (upper limb) focus on clinical evaluation of upper 

extremity function. However, the ordinal nature of these scores may provide a general 

assessment of a patient’s ability but are limited by relative lack of granularity and sensitivity 

to detect subtle changes in upper extremity function.

Our data show reachable workspace RSA can be obtained from a range of phenotypes and 

can discriminate between healthy controls and a cohort of individuals with FSHD. 

Furthermore, it could characterize and differentiate FSHD individuals with mild upper 

extremity impairment from those with progressively worse upper extremity function, as 

classified by the FSHD subscales focused on the upper extremity (II and III). Importantly, 

the results show that reachable workspace RSA can be acquired from the full range of FSHD 

phenotypes spanning from the least affected (those with FSHD evaluation scale total score 

of 2 & combined subscale II+III score of 1) to the most severely affected (FSHD total score 

of 11 & combined subscale II+III score of 5). Only 1 participant who was the most severely 

affected and oldest was not able to undergo the reachable workspace protocol or provide a 

recordable reachable workspace RSA measurement. These are important issues to consider, 

as clinical trial design should take into account factors such as minimizing data loss and 

participant burden, as well as advantages for those outcome measures that can span both 

ambulatory and non-ambulatory subjects in rare diseases with limited participant pools for 

recruitment.

The study results show that the reachable workspace RSA outcome measure can provide 

additional granularity through analysis by side (ipsilateral versus contralateral) or by 

quadrants (upper versus lower). Figures 3A and 3B demonstrate the advantages or reachable 

workspace RSA over an ordinal clinical scale by providing additional context-rich 

information about an individual’s upper extremity function. As the upper extremity function 

worsens with progressive weakness and results in increased FSHD combined subscale II + 
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III score, not only does the total reachable workspace contract, but the upper quadrants (1 

and 3) are reduced disproportionately while the lower quadrants (2 and 4) are preserved. It 

appears that by the time individuals with FSHD attain a combined subscale II+III score of 4, 

little if any overhead reach activities can be achieved. In the context of daily living 

activities, this may translate to significant difficulty in oral/facial hygiene activities, hair 

management, or even feeding activities. In the context of clinical trials, depending on the 

target of the therapeutic treatment and purpose of the study, any of these endpoints may be 

useful as outcome variables to assess changes in upper extremity range of motion.

In addition, using the reachable workspace RSA, we undertook examination of the potential 

side-to-side (dominant vs. non-dominant) difference which may exist in the FSHD 

population. As has been shown previously, no correlation exists between upper extremity 

strength measure and hand dominance in FSHD28, thus our results showed no reachable 

workspace difference between dominant and non-dominant sides.

Some of the limitations of this study were the small sample sizes, and in particular the 

limited number of individuals at the extremes of the FSHD combined subscale II+III scores 

(0,1 and 4,5). Due to the lack of adequate numbers of participants in all groups, subgroup 

statistical analysis was not undertaken. In all likelihood, this lack of individuals at the 

extremes of the combined upper extremity FSHD subscales may be due in part to either the 

natural distribution of severity phenotypes found in FSHD or an artifact of ceiling and floor 

effects of the FSHD clinical scale. Further studies with a larger sample size that 

encompasses the spectrum of phenotypes in FSHD will be helpful. In addition, studies need 

to be performed to determine the reliability of the system to measure changes over time and 

sensitivity to treatment.

CONCLUSIONS

This study demonstrates that this innovative approach to assessing upper extremity function 

by a reachable workspace outcome measure using a 3D vision-based sensor system is 

feasible in individuals with FSHD. Furthermore, these results suggest that the reachable 

workspace outcome measure displays adequate sensitivity to differentiate the varied upper 

extremity functional levels encountered in FSHD. A rationally-designed combination of 

upper extremity outcome measures including a region-specific global upper extremity 

outcome measure, such as the reachable workspace, complemented by targeted disease- or 

function-specific endpoints, may be optimal for future clinical efficacy trials. Continued 

progress in the development of innovative outcome measures will facilitate the overall 

therapeutic discovery process.
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ABBREVIATIONS

3D Three-dimensional

ADL Activities of daily living

ANOVA Analysis of variance

DASH Disabilities of Arm, Shoulder, and Hand

FSHD Facioscapulohumeral muscular dystrophy

MMT Manual muscle test

MRC Medical Research Council

QMT Quantitative muscle test

RNA Ribonucleic acid

ROM Range of motion

RSA Relative surface area
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Figure 1. Example graphical outputs of Kinect sensor acquired total and quadrant reachable 
workspace
A healthy control individual’s reachable workspace viewed from different directions is 

shown, with quadrants designated by different colors and enumerated 1–4 (A). An example 

graphical output of the reachable workspace for an individual with moderately impaired 

upper extremity function is shown in (B).
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Figure 2. Radar plot showing mean quadrant relative surface area (RSA) by groups
FSHD patients are shown with a blue line, Controls are shown with a red line (plot shown 

from right side perspective). The asterisk (*) represents significant differences between 

cohorts (P<0.01).
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Figure 3. Radar plot and bar graph showing mean quadrant relative surface area (RSA) for 
FSHD patients stratified by FSHD evaluation scale II & III combined score
(A) FSHD patients with score of 1 shown with a dark blue line, 2 in red, 3 in green, 4 in 

purple, and 5 in light blue; plot shown from right side perspective. (B) Bar graph showing 

the gradual reduction in the total and quadrant RSAs by combined FSHD subscale II & III. 

(healthy control=0, and combined subscale II & III scores: 1–5).
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