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Abstract

Introduction: An estimated 750,000 Americans experience a stroke 
annually. Most stroke survivors require rehabilitation. Limited access to 
rehabilitation facilities has a pronounced burden on functional outcomes and 
quality of life. Robotic devices deliver reproducible therapy without the need for 
real-time human oversight. This study examined the efficacy of using home-
based, telerobotic-assisted devices (Hand and Foot Mentor: HM and FM) to 
improve functional ability and reduce depression symptoms, while improving 
access and cost savings associated with rehabilitation.

Methods: Twenty stroke survivors performed three months of home-based 
rehabilitation using a robotic device, while a therapist remotely monitored 
progress. Baseline and end of treatment function and depression symptoms 
were assessed. Satisfaction with the device and access to therapy were 
determined using qualitative surveys. Cost analysis was performed to compare 
home-based, robotic-assisted therapy to clinic-based physical therapy.

Results: Compared to baseline, significant improvement in upper extremity 
function (30.06%, p= 0.046), clinically significant benefits in gait speed 
(29.03%), moderate improvement in depressive symptoms (28.44%) and 
modest improvement in distance walked (30.2%) were observed. Participants 
indicated satisfaction with the device. Home-based robot therapy expanded 
access to post -stroke rehabilitation for 35% of the people no longer receiving 
formal services and increased daily access for the remaining 65%, with a cost 
savings of $2,352 (64.97%) compared to clinic-based therapy.

Conclusion: Stroke survivors made significant clinically meaningful 
improvements in the use of their impaired extremities using a robotic device in 
the home. Home-based, robotic therapy reduced costs, while expanding access 
to a rehabilitation modality for people who would not otherwise have received 
care.
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required to perform activities of daily living and ambulation. This 
represents an approximately $34 billion cost to the healthcare system 
with an estimated average yearly rehabilitation cost of $11,689 per 
stroke survivor following acute and subacute rehabilitation discharge 
[6]. This substantial burden to the healthcare system has emphasized 
the need to investigate opportunities to improve care for stroke 
survivors while reducing mounting costs.

To date, best practice for successful rehabilitation often involves 
intensive, repetitive practice that actively engages the participant 
in goal-oriented and task-specific activities to regain functional 
capacities in upper and lower extremities [7]. Unfortunately, the 
quality of stroke services for rural patients is suboptimal and limited 
access to rehabilitation facilities has a pronounced burden on 
functional outcomes and quality of life. A recent study demonstrated, 
using logistic modeling, that rural stroke survivors were less likely to 
receive stroke rehabilitant therapy than their urban counterparts [8]. 
Moreover, with the prevalence of stroke being predicted to increase 
by almost 25% by 2030 [9] and rural populations being identified 
as being particularly vulnerable to stroke [10], there is a great need 
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Introduction
Stroke is one of the leading causes of long -term disability 

[1] with an estimated 795,000 incidences of stroke in the United 
States annually [2]. Of the approximate 665,000 survivors [3], 80% 
experience moderate to severe upper extremity (UE) impairments 
[4] and two-thirds experience lower extremity (LE) impairments [5]. 
Most require long-term rehabilitation to regain functional capacities 
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to develop accessible, cost effective therapy to minimize functional 
disability and optimize functional motor recovery for rural stroke 
survivors. 

Robot-assisted therapy is a promising option for improving 
voluntary upper extremity (UE) movement in stroke survivors with 
finite access to conventional therapy [11-13]. Additionally, several 
recent studies have concluded that robotic assisted therapy improves 
lower extremity (LE) strength and locomotor function [14,15]. 
Recent advances in robot-assisted therapy have greatly increased 
the level of function patients can achieve. Successful rehabilitation 
techniques involve highly intensive, repetitious practice that actively 
engages the participant in goal-oriented and task-specific activities. 
Many studies have observed that home-based, robotic-assisted 
therapy demonstrate equivalent outcomes compared to one-on-one 
therapeutic delivery [11,16,17]. The results of these studies indicate 
that robot-assisted therapy provides reliable, reproducible treatment 
while measuring performance without the need for real-time human 
oversight [18].

Although the goals of using robotic assistive devices are to 
improve active range of motion (AROM), strength, and function 
in the distal musculature of stroke survivors is promising, these 
modalities are underutilized in the home. Therefore, combining 
telemedicine with in -home robot-assisted therapy (telerehabilitation) 
for people with residual impairment following stroke has the potential 
to reduce barriers while proving cost-effective, consistently high-
quality treatment to patients with limited access to rehabilitation 
clinics because of location or availability of treatment modalities 
[19]. This relatively new idea of telerehabilitation is defined as the 
provision of rehabilitation services at distance using information 
and communication technologies [20]. A recent systematic review 
examining studies published after 2000 cites positive outcomes for 
patients and caregivers who have utilized telerehabilitation [21]. 
Additionally, caregivers and patients report high levels of overall 
satisfaction and acceptance of telerehabilitation interventions. 
Recently, a prospective, single blinded, multisite, randomized 
controlled trial successfully paired robot-assisted therapy and a 
telerehabilitation intervention [22]. Equivalent outcomes were 
observed in the dose-equivalent robot-assisted therapy group and 
the usual and customary care group. Further, specific evaluation 
of LE robotic intervention found that 12 weeks of home-based 
rehabilitation elicited improvements in locomotor function and 
strength [14]. Recently, preliminary data investigating robotic 
telerehabilitation in stroke survivor’s homes, reported improvements 
in residual upper and lower limb impairments, while reductions in 
the cost of care decreased the burden on the healthcare system [15]. 
However, to date, a paucity of evidence regarding the efficacy and 
cost effectiveness of telerehabilitation interventions in rural stroke 
survivors persists and a knowledge gap exists as to what effect 
participation in telerehabilitation has on utilization of available 
therapy.

This study aimed to examine the efficacy of using a home-
based, tele robotic-assisted device to: improve functional ability, 
reduce depression symptoms, and create a satisfactory experience, 
increase access to, and monitor participant utilization of cost efficient 
rehabilitation when compared to the cost of clinic - based therapy for 
rural stroke survivors.

Materials and Methods
Participants

The following inclusion criteria were utilized to screen volunteers 
for consideration for either hand or foot telerehabilitation: (1) 
between the ages of 45 and 90; (2) unilateral ischemic or hemorrhagic 
stroke within the previous 24 months; (3) Persistent UE or LE paresis 
as defined by having a score on the National Institutes of Health 
Stroke Scale (NIHSS) of 1-3 and a Functional Independence Measure 
(FIM) score of 17-88 that limited activities of daily living [23]; (4) 
Participants possessed some degree of upper or lower extremity 
voluntary activity, as indicated by the ability to move their proximal 
and/or distal joints against gravity.

Exclusion criteria were the following: (1) Those with clinically 
significant comprised mental status within three days of enrollment; 
(2) Severe receptive or expressive aphasia, as indicated by a score of 
2 on item #11 Extinction and Inattention, a score o f 2 on item #8 
Sensory, or a score of ≥1 on item #9 Best Language of the NIHSS, 
respectively; (3) Participants who were not independent before 
their stroke; (4) not able to follow simple instructions to operate the 
robotic user interface; (5) Prior Botox injections within six months 
of enrollment; (6) Additionally, due to the physical nature of the 
robotic rehabilitation therapy, volunteers with significant UE or LE 
contractures or injuries limiting the use of the more affected side were 
excluded.

Recruitment was centered on the Atlanta Veterans Affairs (VA) 
Medical Center. VA physicians and nurse practitioners screened a 
total of 31 veteran stroke survivors for eligibility and interest. A total 
of 20 mostly rural and highly rural stroke survivors with mean age of 
67 (±11.4) years and a mean time since stroke of 20.4 months, ranging 
from 1.8-136.7 months met inclusion criteria and were enrolled. The 
20 participants were comprised of: 1 female, 19 male, ten participants 
with UE impairments, and ten participants with LE impairments.

The VA-Office of Rural Health defines urban, rural, and highly 
rural by the Rural-Urban Commuting Areas (RUCA) system. Urban 
is defined as “Census tracts with at least 30 percent of the population 
residing in an urbanized area as defined by the Census Bureau.” 
“Highly Rural” is defined by as “Sparsely populated areas, less than 
10 percent of the working population commutes to any community 
larger than an urbanized cluster. Rural is defined as “Land areas not 
designed as Urban or Highly Rural”.

Intervention
Following enrollment, participants were granted use of either a 

foot or hand, home-based robotic rehabilitation device. Home-based 
robotic rehabilitation was delivered using either the Hand (HM) or 
Foot Mentor (FM) ™ devices (Motus Nova, Inc. Atlanta, GA 30345). 
A study therapist trained in HM or FM arranged in-home setup and 
training with the volunteers. Each person was instructed to start at 
lower daily activity levels (one hour), progressing to the standard 
two -hour therapy dosage within the first week, for the three-month 
study duration. Due to the scheduling flexibility of the robotic device, 
participants were able to complete the two hours of daily prescribed 
robotic rehabilitation in any permutation. A review article by Linder, 
et al. [24] provides a more detailed rationale for the training principles 
and exercise dosage prescription for robotic-assisted therapy. Linder, 
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et al. [24] also provides a detailed explanation of the implication of 
spasticity and tone on participation in robotic therapy.

The HM and FM devices were designed for use by individuals 
with residual upper and lower extremity impairments after stroke. 
The goal of using the device is to improve AROM and strength in the 
distal musculature of the paretic limb of patients with hemiparesis and 
weakness secondary to stroke through highly intensive, task-specific, 
and interactive practice [25,26]. The participants use their affected 
wrist or ankle to complete game-like training programs to challenge 
motor control initially at an easy level, requiring only a small degree 
of wrist or ankle motion. However, as participant’s motor control 
consistently improves (eight successes in ten attempts), the robotic 
device progresses difficulty levels, requiring greater AROM to achieve 
the goal. Conversely, if the user is experiencing difficulty (less than 
eight successful attempts out of ten), the device will decrease the 
difficulty level.

A study therapist remotely monitored daily metrics on a clinical 
dashboard through a secure server. Participant performance, 
including daily usage time and number of daily cycles (total and for 
each individual program), resistance to passive movement, passive 
range of motion angles and active range of motion angles achieved 
were monitored and discussed with each participant on weekly phone 
calls.

Clinical measures
Pre-assessment of all clinical measures was completed prior to 

receiving the robotic rehabilitation device by a study therapist trained 
in the use of standardized clinical measures. Following completion 
of the home-based therapy, post-intervention assessment of all the 
clinical measures was completed to assess changes from baseline. In 
addition, a qualitative satisfaction questionnaire was completed at the 
post - intervention assessment to ascertain participant perceptions of 
the home -based therapy.

Upper extremity functional limitations were evaluated using the 
Action Research Arm Test (ARAT) [27]. Quality of movement is 
scored on a 4-point ordinal scale (0-3), with a score of 3 indicating 
normal performance of the task within 5 s and a score of 0 indicating 
the inability to perform any part of t he task within 60 seconds. With 
a maximum score of 57, indicating normal performance, the test is 
comprised of 19 items divided into 4 subscales: grasp, grip, pinch, and 
gross movement. The ARAT is a valid and reliable tool for UE deficits 
following stroke [28,29] with previously defined minimal clinically 
important difference (MCID) [30].

Lower extremity functional status was assessed using the 10-meter 
walk test (10MWT) to measure gait speed [31] and the 6-minute walk 
test (6MWT) to measure gait performance over short distances [32]. 
Both the 10MWT and the 6MWT are valid and reliable measures 
to assess lower extremity function following stroke, with previous 
studies reporting MCIDs of 0.06 m/s [33] and 34.4m [34] respectively.

The Functional Independence Measure (FIM) instrument is a 
reliable and valid measure to assess motor and cognitive disability 
for stroke survivors as it relates to burden of care [35,36]. The FIM 
instrument is comprised of 18 items divided into two statistically and 
clinically separate indicators, of which 13 assess disability in motor 
functions and 5 in cognitive functions. The total scoring ranges 

from 18 (minimum) to 126 (maximum) and ranges for the motor 
and cognitive subscales are 13 to 91 and 5 to 35, respectively. Each 
item is scored on 7 levels of performance independence (7 is total 
independence, 1 is total dependence).

The Center for Epidemiologic Studies Depression (CES-D) scale 
is a questionnaire used to screen for depressive symptomology due to 
the possible impact on the quality of life of stroke survivors [37,38]. 
The test consists of 20 questions that capture how well a patient is 
coping emotionally. Scores range from 0-60 with scores greater than 
16 indicating the patient is at risk for depression. The CES-D has been 
found reliable and valid for the subacute stroke population [39].

Usage and utilization
Both robotic devices are programmed to record a variety of 

relevant participant usage data. Daily usage and performance data 
were collected including: number of therapy sessions uses over the 
entire study duration, daily and average usage time. Overall device 
utilization is determined by calculating the ratio of number of uses 
over the number of days the devices are in the home. Device data were 
accessible remotely via secure server and adherence to the Health 
Insurance Portability and Accountability Act of 1996 (HIPAA) 
privacy rules were strictly maintained.

Satisfaction
Following completion of the home-based telerehabilitation 

therapy, a self-report questionnaire was distributed to participants 
to assess satisfaction and to provide greater insight into any 
unanticipated challenges of home-based robotic telerehabilitation. 
Both questionnaires included positive and negative statements about 
the device and required respondents to select one of seven choices 
anchored by: 0 = strongly disagree, 3 = neutral and 6 = strongly agree. 
Satisfaction questionnaires were evaluated based on how strongly 
patients agreed or disagreed with positive and negative statements. 
One additional question was included where participants were asked 
to state what they would change about the device.

Access
To assess the impact of the home-based, telerehabilitation on 

increasing access to therapy, participants current and past exposure 
to occupational or physical therapy was collected during initial 
assessment. Investigators asked participants either in person or via 
telephone whether or not they were participating in therapy during 
the time period they were using the device to determine the effect of 
the robotic therapy on Veteran access to treatment.

Cost analysis
Cost analysis was performed to compare home-based, 

telerehabilitation therapy to clinic-based physical therapy. Device 
and deployment costs were calculated, including the cost of home 
delivery, support, monitoring and connection, and pickup. Monthly 
maintenance and server connection costs were added to the device 
costs and were amortized to zero over the course of an expected usable 
lifetime of five years. Costs of in-home delivery were totaled across 
the 90-day treatment period and compared clinic-based physical 
therapy. Projected outpatient therapy transit and therapist costs for 
three one-hour sessions held weekly at the Atlanta VAMC were based 
on average patient mileage reimbursements and the projected cost of 
a physical therapist taken from the 2015 State of Georgia Bureau of 
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Labor Statistics [40].

Statistical analysis
Data were checked for accuracy against data entry forms and 

expressed as means, SDs, and ranges using Microsoft Excel. De-
identified usage data for each participant were extracted from the 
secure server and entered into the Microsoft Access database. All 
remaining analyses were completed using SPSS, version 22 (IBM, 
Armonk, NY). Mean and percent change scores from baseline were 
calculated for each measure, along with 95% confidence intervals. 
Changes in functional outcome scores from baseline were analyzed 
using paired t-tests. Changes from baseline for all clinical outcome 
measures were compared to the corresponding estimated values for 
the minimum clinically important difference (MCID) in chronic 
stroke for these measures. Finally, mean scores were calculated for 
participant responses to surveys measuring satisfaction with use of 
the robotic devices. The level of significance was set at p≤0.05 and 
all tests were 2-tailed. All data met the assumptions of the tests used 
to analyze them. Summary data are presented as mean±standard 
deviation, unless otherwise noted.

Results

Figure 1 shows the flow of the participants through each stage 
of the study. Twenty, mostly rural and highly rural Veteran stroke 
survivors (67.0±11.4) years old at enrollment) with UE hemiparesis 
resulting from unilateral stroke (mean time since stroke of 20.4±9.26) 
months) met inclusion criteria and were enrolled in this study. All 20 
participants showed UE or LE impairment secondary to corticospinal 
tract infarcts. Overall the home-based, telerehabilitation therapy 
was safe and well tolerated. No adverse events occurred. Participant 
demographic and geographic location information is presented in 
Table 1. Nineteen participants completed the study, consisting of 
three months of home-based, telerehabilitation. One participant in 
the HM group dropped out after device deployment due to medical 
reasons unrelated to the study. This participant did not complete post-
intervention assessments and the data was excluded from all analyses. 
Means and SD for clinical outcome measures for participants at 
baseline and postintervention are presented in Table 2.

Figure 1: Participant flow through each stage of the study.

Robotic-Assisted Therapy Upper extremity, n=10 Lower extremity, n=10 Total, n=20

Male, gender, n (%) 9 (90) 10 (100) 19 (95)

White/African American 9/1 8/2 17/3

Education (years) 12.8 12.4 13

Mean time since stroke, months (range) 21.5 (1.8-136.7) 19.4 (3.5-67.7) 20.4 (1.8-136.7)

Mean age (years) at enrollment, mean (SD) 63.4 (9.1) 70.6 (12.7) 67 (11.4)

Dominant Right hand/foot, n (%) 10 (100) 10 (100) 20 (100)

Right side affected, n (%) 6 (60) 4 (40) 10 (50)

Withdrew after baseline visit 1 0 1

Distance from VAMC miles (SD) 76.08 (35.0) 53.64 (35.5) 63.32 (35.8)

Time device in home in days (SD) 119.6 (39.4) 105.4 (43.3) 112.9 (40.8)

Table 1: Baseline characteristics of participants and subdivided into device groups. Distance from VA medical center (VAMC) represents the mean distance for each 
participant to the closest VAMC that can provide comparable clinic based Physical Therapy.
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Clinical measures
Compared to baseline, affected UE ARAT scores improved by 

an average of 9.22 (26.13) points. The observed change represents 
a statistically (30.06%, p= 0.046) significant improvement in upper 
extremity function. Further, the average improvement surpassed 
the previously validated MCID of 5.7 [41] indicating a clinically 
meaningful change in upper extremity function.

On average, participants using the FM device demonstrated a 
29.03% increase in gait speed, from 0.31 to 0.40m/s. The observed 
change in gait speed represents a small but clinically significant 
improvement (0.09m/s, p=0.197). Based on previously validated 
stratification on gait speed and predicted functional walking 
capacity [42], the changes observed following the home-based 
telerehabilitation demonstrates the stroke survivors improved from 
home ambulators to limited community ambulators.

For participants who used the FM device, modest, non-significant 
(30.2%, p=0.153) improvements in total distance walked were 
observed from baseline (59.7±51.0) to post-intervention (77.7±32.9).

Self reported depressive symptoms over the past week, as assessed 
by the CES-D, demonstrated a moderate (28.44%, p=0.160) decrease 
from baseline (12.4±14.2) to post-intervention (8.9±9.3), indicating 
a lower prevalence of depressive symptoms at the final assessment.

Across all participants using either the FM or HM, no change 
(p=0.642) in FIM scores was observed from baseline (97.7) to post-

intervention (96.1).

Usage and utilization
Summaries of device exposure, usage, and utilization are 

presented in Table 3. Throughout the three-month study period, 
participants were given access to either the HM or FM device for an 
average of 106 days (exposure). Participants completed an average 
of 30.6 training sessions throughout the study. However, relatively 
wide individual variability was observed, with participants using the 
device as little as two and as many as 75 sessions. For each daily usage, 
participants performed robotic telerehabilitation an average of 90.6 
min (range 15-153.6 min). Given the above information, participants 
utilized either the HM or the FM devices an average of 29.3% of 
the days the device was in the home. Large heterogeneity in device 
utilization was observed, ranging from 2.75% to 76.53%.

Satisfaction
Following completion of the intervention, 17 participants 

responded to 15 statements to measure satisfaction with the HM 
or FM device (Table 4). Overall, participants indicated satisfaction 
with the device and their overall improvement. For most of the 

Outcome Measure Baseline Post-intervention Mean difference (%) 95% CI Sig, p

FIM 97.67 96.13 -1.53 (1.57) -8.45 to 5.38 0.642

CES-D 12.41 8.88 -3.53 (28.44) -8.61 to 1.55 0.160

10 meter walk test (m/s) 0.31 0.40 0.09 (29.03)  ŧ -0.11 to 0.29 0.197

6 minute walk test (m) 59.70 77.73 18.03 (30.20) -12.06 to 48.13 0.153

ARAT (unaffected) 50.22 55.78 5.56 (11.07) -5.89 to 17.00 0.295

ARAT (affected) 30.67 39.89 9.22 (30.06)  ŧ 0.38 to 18.07 0.046*

Table 2: Clinical outcome measures at baseline and three months post-intervention.

*p<0.05; ŧ = MCID; CI: Confidence  Interval; FIM: Functional Independence Measure; CES-D: 
Epidemiologic Studies Depression; ARAT: Action Research Arm Test

ID Mean daily therapy 
minutes

Usage 
(sessions)

Exposure 
(days) Utilization

1 100.3 66 105 62.86%

2 85.2 9 105 8.57%

3 121.1 15 105 14.29%

5 15.0 3 109 2.75%

6 113.4 14 110 12.73%

8 153.6 73 98 74.49%

9 62.7 75 98 76.53%

11 106.9 8 43 18.60%

13 75.5 2 78 2.56%

19 72.36 41 209 19.62%

Total 90.61 30.6 106 29.3%

Table 3: Usage, exposure, and device utilization. Usage is defined as the number 
of uses over the duration the device was in the home. Exposure is defined as the 
time the device was in the home. Utilization is the ratio of usage over exposure 
and represents how frequently the device was used on a daily basis.

Statement Mean (SD) %
1. The instructions for using the Hand or Foot Mentor were 
clear and easy to understand 5.94 (0.25) 99%

2. This therapy was relevant to my rehabilitation 5.19 (0.83) 91%

3. My function was improved 4.44 (1.79) 82%

4. The games were appropriate 5.16 (1.23) 86%

5. The games were hard to see 1.09 (2.03) 27%

6. This therapy challenged me 4.81 (1.68) 74%

7. This therapy was too difficult 1.14 (1.56) 9%

8. This therapy was too easy 2.00 (1.96) 31%

9. The device was user-friendly 4.86 (1.70) 85%

10. I got bored with the games 2.00 (2.42) 39%

11. I enjoyed playing the games 5.43 (1.02) 91%

12. The pace of therapy was just right 5.00 (1.57) 85%

13. I had trouble donning and doffing the Hand or Foot piece 3.53 (2.22) 61%
14. Overall, I am satisfied with the progress I made using 
the Hand/Foot Mentor 5.09 (1.21) 89%

15. Therapy with the Hand/Foot Mentor met my 
expectations 5.13 (1.31) 91%

Table 4: Exit interview comprised of subjective statements aimed at capturing 
satisfaction with using either the HM or FM device. Items, means (SD), and 
percent agreement for participant responses to satisfaction survey on a 0-6 Likert 
Scale, where 0 is Strongly Disagree and 6 is Strongly Agree, n=17 (of 20).
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statements, a response of “6” is the most positive response; however 
for four of the statements a response of “0” is the most positive 
(strongly disagreeing with the statement). Subjects’ responses on 
these four questions indicated that they either slightly or strongly 
disagreed with negative statements about the device. For the positive 
statements, participants indicated that they either slightly or strongly 
agreed (mean≥4.0). Participants generally disagreed with the negative 
statements (mean ≤ 2.0), however the mean response to the statement 
concerning donning and doffing the peripheral hand or foot piece 
was 3.5, indicating that participants had difficulty with this aspect of 
using the HM or FM.

Access
Following the study therapist phone or in -person survey, it 

was determined that 7 (35%) participants were no longer receiving 
formal physical or occupational therapy services. The remaining 
13 (65%) participants were receiving some form of formal services. 
Eight (40%) participants were receiving outpatient therapy services, 
of which, three (15%) sought out private services outside of the VA 
health system. The remaining five (25%) participants received home 
health care physical or occupational therapy. Participants reported 
between utilizing formal therapy services between two times per 
month and two times per week. For all participants mean access 
to therapy services was estimated as 1.2 session per week or 14.7 
sessions for the duration of the study (assuming four weeks per 
month). Therefore, when considering the device usage data (Table 4), 
the home-based, robotic therapy intervention increased or extended 
access for all participants. Exploratory analysis to assess the affect 
of the home-based, telerehabilitation on those participants who are 
already receiving formal services demonstrates that the present study 
increases access from 22.6 sessions to 53.2 sessions, representing a 
135.4% increase in rehabilitation exposure.

Cost analysis
Total home-based, telerehabilitation costs were calculated based 

on the cost of equipment; device maintenance and data connection; 
home delivery, support and pickup; including weekly clinician follow-
up and monitoring. These costs were compared against clinical based 
outpatient therapy at the VA medical center defined as three one-
hour sessions per week for 90 days. The estimated monthly equipment 
cost of $82.14 and $54.76 for the foot and hand robotic devices, 
respectively, was amortized over an expected five-year lifetime (Table 
5). This was combined with the cost of an annual maintenance and 
hosting contract of $1,199 per device to cover device repairs and the 
data connection and online portal for therapist monitoring of patient 
progress. Corresponding therapist transit costs were calculated based 
on a study average round-trip distance of 164 (48.68) miles using 

the standard government mileage reimbursement rate of $0.415 per 
mile (43) and 144.8 (39.7) minutes. The therapist costs of $65.23 an 
hour consisted of the cost of time to deploy a two-person team to 
the participant homes for device installation and orientation, repairs 
or device reorientation due to user error, device pickup, and weekly 
therapist monitoring and telephone based follow-up calls.

Projected outpatient therapy transit and therapist costs for three 
one -hour sessions held weekly at the Atlanta VA medical center were 
based on the mean distance from a participating VA clinic (63.3±35.8 
miles) and patient mileage reimbursements and the projected cost of 
a physical therapist at $38.56 taken from the State of Georgia Bureau 
of Labor Statistics [40].

Final cost analysis reveals three months of home-based, 
telerehabilitation costs the VA health care system an average of 
$1,268.07 per Veteran, compared to an average of $3,619.95 per 
Veteran for outpatient clinic based therapy. This analysis reveals 
an average of $2,352 (64.97%) in savings compared to clinic-based 
therapy per stroke survivor. Further, the inclusion of home-based 
telerehabilitation leads to a return of approximately $2.85 of therapy 
on every dollar spent by the VA health system.

Discussion
This study aimed to evaluate the efficacy of using telerehabilitation 

via home-based robotic-assisted therapy to improve function and 
reduce depression symptoms for rural stroke survivors. Additionally, 
this study aimed to assess the effects home-based robotic-assisted 
therapy has on access, utilization and cost effectiveness for rural 
stroke survivor’s rehabilitation when compared to clinic -based 
therapy. The results of this study indicate that home-based, robotic-
assisted telerehabilitation can elicit meaningful improvements in 
UE function, gait speed, walking distance and reduce depression 
symptoms. Participants indicated overall satisfaction with the 
device and their progress. It was also demonstrated that home-
based, robotic-assisted telerehabilitation expanded access for those 
survivors no longer receiving therapy and increased access for those 
already receiving therapy. Finally, this study documents that home-
based, robotic-assisted telerehabilitation provides a substantial cost 
savings when compared to clinic -based therapy.

Clinical measures
This study demonstrates that individuals along varying time 

points of stroke recovery, as indicated by mean time since stroke 
ranging from 1.8-136.7 months, made meaningful improvements in 
their ability to perform upper and lower extremity functional tasks by 
using home based, robot-assisted therapy.

FM HM Average of HM and FM Outpatient Therapy (Projected) Average Savings of RAT

Cost of Robotic Device $82.14 $54.76 $68.45 -

Device Maintenance and Hosting $99.92 $99.92 $99.92 -

Therapist Costs $85.37 $85.37 $85.37 $521.13 83.62%

Transit Costs $168.96 $168.96 $168.96 $685.51 75.35%

Monthly Cost $436.38 $409.00 $422.69 $1,206.65 64.97%

Total costs $1,268.07 $3,619.95 64.97%

Table 5: Analysis of monthly costs of home-based, robotic-assisted therapy compared to projected outpatient therapy based on three one-hour weekly physical therapy 
sessions. Dashes represent a value of zero.
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Statistically significant improvements in UE motor functioning 
were observed at end of treatment, as evidenced by mean 
improvement in affected UE ARAT score of 9.2 points. Additionally, 
this change surpasses the previously validated MCID [39], indicating 
this change would be detectable and meaningful to the stroke 
survivors. Although, substantial heterogeneity in mean time since 
stroke presents a confounding factor for drawing conclusions, a 
previous study by v ander Lee, et al. [39] documented considerable 
responsiveness to improvement in UE functioning across time, 
strengthening the observed 9.2 point improvement observed in this 
study. It also must be noted that normative ARAT scores for stroke 
survivors six month and 3.6 years post stroke are 41.3 and 29.2 out of 
57 respectively, which demonstrates a negative sloping trend as time 
since stroke increases. Taken together, the observed baseline scores in 
this study demonstrate that the stroke survivors began this study with 
less than average UE functional abilities.

Small but clinically meaningful improvements in gait speed were 
observed from baseline (0.31 m/s) to post-intervention (0.40 m/s) 
following use of the home-based, robotic-assisted telerehabilitation 
intervention. Gait speed has been shown to be a significant predictor 
of disability following stroke and as survivors recover gait speed 
they experience substantially better function and quality of life [44]. 
Previous studies have defined categorizations for different gait speeds 
[45] and have validated those categorizations ability to delineate 
functional abilities [46]. People walking at speeds of <0.4 m/s are 
household ambulators, people walking at speeds of ≥0.4 m/s but <0.8 
m/s are limited community ambulators, and people walking at speeds 
of ≥0.8 m/s are able to walk in the community without substantial 
limitations. Schmid, et al. demonstrated that categorization transitions 
represent clinically meaningful changes for stroke survivors [44], a 
finding that is especially poignant for household ambulators. They 
theorized that household ambulators possibly had more severe 
strokes and were more sensitive to the adverse sequelae that exist 
when mobility is restricted. Although the current study observed a 
relatively small improvement in gait speed (0.09 m/s), this change 
represents a transition into a higher functional gait speed category 
that indicates home-based, robotic-assisted telerehabilitation may 
improve functional independence and may decrease the adverse 
sequelae seen when stroke survivors are home bound.

Although the stroke survivors in this study demonstrated 
only modest improvement in functional walking capacity at post-
intervention (30.2%), this finding must be taken into the context of 
the participant’s abilities. Initially, the cohort was largely restricted 
to household ambulation, suggesting their LE functional abilities 
were below average. This concept is further strengthened when this 
cohort’s initially walking capacity (59.7±51.0 meters) is compared to 
previously documented normative data for stroke survivor’s walking 
capacity (408±132 meters) [47]. Therefore it can be suggested that 
although the small absolute change observed (18.03 m) did not reach 
the previously described MCID of 34.4 meters [48], the relative change 
of 30.2% might actually reflect an improvement in the participants 
walking capacity. This idea was previous suggested by Flansbjer, et 
al. who noted that a change as small as 13% may indicate clinically 
significant improvements [49].

A systematic review by Hackett, et al. [50] found that 
approximately one-third of all stroke survivors suffer from 

depression. Early stroke rehabilitation has been shown to reduce 
the risk for depression by approximately 43%, with Hou, et al. citing 
increased endorphins levels, improved fitness, and social interaction 
as possible mechanisms [51]. This study documents only modest 
improvements (28.44%) in CES-D from baseline (12.4±14.2) to 
post-intervention (8.9±9.3), indicating improvements were less than 
previously reported (43%) when compared to similar interventions. 
However, this data represents mean scores across all subjects. When 
considering only those likely to be diagnosed with depression, we 
found that five survivors (20%) out of 20 scored 16 or higher on the 
CES-D, indicating depressive symptoms were likely present [52]. 
At post intervention, exploratory analysis reveals that three of the 
five survivors CES-D scores decreased to below the threshold for 
depression. This change represents a 60% improvement in clinically 
significant depression scores that exceeds the previously observed 
improvements.

Usage and utilization
Evidence has been accumulating that post-acute stroke 

rehabilitation services are not equally delivered among populations 
[53]. These disparities in health care utilization may have a deleterious 
effect on functional outcomes following discharge from the acute 
and subacute rehabilitation setting [54], thus making investigations 
into methods to improve usage and utilization imperative to 
optimize outcomes. Therapy utilization in acute rehabilitation is well 
documented; however, usage and utilization is less understood in the 
subacute and chronic phases of stroke recovery. One study examining 
usage and utilization in 88 post-acute rehabilitation providers found 
that stroke survivors utilizing home healthcare agencies delivered an 
average of 21 therapy visits during a 90-day episode of care or in other 
terms, 23.3% utilization, where utilization is the number of therapy 
sessions during the episode of care [55]. Additionally, the authors 
found that stroke survivors utilizing clinic-based outpatient therapy 
received an average of 40 therapy visits per 90-day episode of care (44% 
utilization) [55]. When considering the significance of this difference 
in utilization the authors adjusted for baseline differences and found 
that survivors utilizing outpatient care (i.e. higher utilization) had 
better outcomes at 90 days. This hypothesis is supported by previous 
literature that has observed positive dose -response relationships with 
increasing amounts of therapy [56-57]. Although we documented 
large heterogeneity in utilization, ranging from 2.75% to 76.53%, 
mean utilization was 30.6 therapy sessions across the mean 106-day 
episode of care (29.3%). Although this rate of utilization indicates that 
the home-based, robotic-assisted telerehabilitation has a lower rate 
than the previously discussed clinic-based therapy delivery method it 
was higher than the documented home healthcare utilization. It must 
also be noted that the stroke survivors in this study were encouraged 
to continue previously initiated therapy services. When these data are 
considered in exploratory analysis, the home-based, robotic assisted 
telerehabilitation delivery method is found to increase the therapy 
utilization from 9.62% to 38.9%.

A recent meta-analysis exploring dosing strategies following 
stroke has documented 30-60 minutes, five to seven days per week 
[58] as optimal. However, this meta-analysis largely excluded 
literature exploring the effects of constraint-induced-movement-
therapy (CIMT). Although CIMT is a developing field, preliminary 
evidence shows promising trends for improvements in functional 
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capacity with longer daily treatment dose [59]. Therefore, the daily 
usage documented in this study (90.6min) is more likely to provide 
similar stimuli for adaptive neuroplasticity responses that are thought 
to be observed in CIMT and other studies [57].

Satisfaction
Participants in this study largely expressed satisfaction with the 

Hand/Foot Mentor devices and with their progress throughout the 
episode of care. Participants articulated positive statements, such as, 
“It kept me walking,” “It exercised my hand, because most of the time 
my hand would just be sitting in my lap.” “I liked beating the games.” 
Several stroke survivors commented on how much they “had to focus 
while playing the games,” which is a central pillar of a successful 
neurorehabilitation program [60].

Comments of dissatisfaction generally focused on limited game 
selection. Three stroke survivors expressed difficulty donning and 
doffing the HM device citing the need for caregiver assistance, while 
one stroke survivor cited difficulty donning the FM device due to 
long -standing knee osteoarthritis. This participant required caregiver 
help to bend the involved knee. These difficulties did not prevent any 
stroke survivor from continuing to use the device.

Access
Within stroke care there has been an implicit assumption that after 

the acute and subacute rehabilitation phases, where an individual may 
receive dedicated services for two to six months that the individual 
has reached a plateau. At this point there is thought to be a residual 
level of impairment where restorative strategies are abandoned in 
favor compensatory strategies. However, there is a growing body of 
evidence that is challenging this entrenched assumption. Frequently, 
significant recovery is often possible well after six months with 
intensive therapy [61]. Therefore, a shift in resource allocation 
toward continued rehabilitation delivery after the previously believed 
plateau period may provide benefits to functional outcomes and long 
term healthcare expenditures by reducing dependence on long-term 

medical services. Several factors influence this access to rehabilitation 
following a stroke including distance to a participating clinic and 
caregiver availability. From its inclusion into stroke rehabilitation, 
the benefits for robotic-assisted therapy have primarily been observed 
while under direct supervision of a therapist [11]. However, studies 
have recently demonstrated that home-based, robotic-assisted 
therapy to provide equivalent functional improvements with minimal 
therapist supervision [15,18,22]. Therefore the home-based model 
for robotic-assisted therapy has the potential to improve access to 
beneficial rehabilitation by reducing caregiver burden, travel time, 
and cost of travel. Although the majority of our cohort (13 out of 20 or 
65%) was receiving some form of therapy, several sought out private 
pay services outside the VA healthcare system. This detail underlines 
restrictions frequently seen in the VA healthcare system where 
regional clinics services are limited, and patients may experience 
backlogs in scheduling appointments. For this subset of the cohort, 
the HM and FM devices allowed patients to perform rehabilitation 
activities at the home, augmenting scheduling and outpatient 
restrictions. This resulted in an increased access to rehabilitation 
from 22.6 sessions to 53.2 sessions during the course of this study. 
For patients receiving these parallel services, the inclusion of home-
based, robotic-assisted therapy increased rehabilitation exposure by 
135.4%. The remaining members of the cohort (7 out of 20 or 35%) 
were not receiving formal services because benefits were exhausted. 
For these stroke survivors, the inclusion of the home-based, robotic-
assisted therapy increase access to rehabilitation from 0 visits to 30.6 
over the course of the study.

Additionally, our results underscore the prospect for home 
-based, robotic-assisted therapy to improve access for rural stroke 
survivors by reducing dropout rates for rehabilitation services. In 
this study dropout rates were approximately 5% (1 out of 20 stroke 
survivors) a Figure 2 lower than the previously documented rates of 
10-20% in similar studies [22,62].

Figure 2: Three-month cost of home-based, robotic telerehabilitation compared to clinic based outpatient therapy, based on three, one-hour weekly physical 
therapy sessions in the outpatient clinic.
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Cost analysis
Previous robotic-assisted therapy studies have evaluated the cost 

of daily therapy, which report costs of $120 per session [11]. This is 
largely due to the fact that most require therapist oversight of this daily 
cost, operating the robotic device accounts for approximately $20. By 
comparison, the HM and FM systems do not require a therapist to be 
present. Additionally, when comparing just robotic device costs, the 
HM and FM devices reduce the average daily cost from $20 to $2.25, 
with the HM and FM individual costs at $1.83 and $2.74 respectively.

In the VA healthcare system, the monthly cost of deploying a 
hand or foot device at $409 and $436.38, respectively, are considerably 
lower than the projected cost of comparable outpatient therapy at 
$1,206.65 (Table 5). This represents an average cost savings of 64.97%. 
The largest savings were in the elimination of repeated in-person 
therapist costs at $521.13 per month versus a one-time installation, 
pickup and weekly monitoring cost at $85.37 per month, a reduction 
of 83.62% (Table 5). Because patients were no longer required to 
drive an average of 1496.72 miles (representing $621.14 per month 
in mileage reimbursements at $0.415/mile), transit costs dropped to 
$180.71 per month or a savings of 75.35%.

The results of this study demonstrate a substantial (64.97%) 
savings for the VA healthcare system. Although, as the Department 
of Veterans Affairs prepares to provide rehabilitation services to 
the estimated 15,000 annual stroke survivors [63,64], home-based, 
robotic-assisted therapy’s wider applicability to provide efficacious, 
cost saving rehabilitation to the civilian and commercial healthcare 
system is not well understood. To begin to evaluate the effects of 
home-based, robotic-assisted therapy on consumer third party 
payers, one must consider the current constraints on rehabilitation. 
Since the Balanced Budget Act of 1997, Congress has placed an annual 
therapy cap on rehabilitation services that is currently set at $1,960. 
Additionally, third-party payers typically limit reimbursement to 20 
therapy sessions, after which benefits may be exhausted. This general 
outline approximates per session costs at $98. One large-scale study 
that directly evaluated the costs and utilization of therapy services 
for 88 post-acute rehabilitation providers found that stroke survivors 
utilizing home health therapy received an average of 21 sessions at 
an average cost of $3,879 or $184.71 per session [55]. While those 
utilizing clinic-based, outpatient therapy received an average of 40 
therapy visits at a cost to third-party payers of $1,689 or $42.23 per 
session [55]. The results of this study revealed an average cost of 
$1,268.07 over 30.6 sessions or approximately $41.44 per session. 
Related to the previously discussed costs evaluations, the results 
of this study demonstrate lower costs compared to clinic-based, 
outpatient therapy when delivered in the non-government healthcare 
system. When explored further, it must be noted that the absolute 
costs of the home - based, robotic-assisted therapy is $420.93 lower 
for a 16 day longer episode of care. Therefore, if overall utilization of 
the HM and FM devices can be raised to match the 44.4% (40 sessions 
during a 90-day episode of care) described by Kramer, et al. [55], this 
study would have documented an average of 47.1 sessions during 
the 106-day exposure resulting in a $26.92 per session cost. Further 
exploratory analysis reveals that this would represent a 36.3% cost 
savings compared to the current most economically efficient estimate 
of rehabilitation delivery.

Limitations
While we made considerable effort to design a sound study there 

are several limitations. First, although the target treatment time was 
initially set at two hours of daily therapy over course the three - 
month study and weekly therapist involvement attempted to alleviate 
this challenge, large heterogeneity in participation still persisted. 
Second, recruitment was focused around the Veteran populations in 
the southeast United States resulting in our participants consisting of 
a much greater number of men than women. Therefore, the external 
validity of our results is limited. Thirdly, a single group study design 
was utilizes, instead of two-group randomized controlled trial. Studies 
without a placebo or randomized comparison group may leave our 
results open to many possible interpretations and explanations. 
Lastly, while the results potentially represent a 64.97% and 36.3% 
reduction of outpatient therapy costs (for VA healthcare and civilian 
insurance respectively) across both arm and foot devices for stroke 
survivors these are estimated costs. This study was not designed to 
directly compare costs and had no control group. Further, although 
the results of this study highlight the potential for home -based, 
robotic-assisted telerehabilitation to increase access to rehabilitation 
for stroke survivors, the authors acknowledge that this intervention 
is intended to augment human therapist services not replace them.

Future studies with the HM and FM should utilize larger sample 
sizes, and involve non -Veteran participants with heterogeneous 
levels of impairment may help elucidate our initial observations.

Additionally, future studies will address heterogeneous training 
volume by holding the training dose constant across the entire 
intervention. Monitoring cumulative training time and allowing 
the number of sessions to increase or decrease to accommodate the 
literature supported recommended dosing for UE rehabilitation [65], 
will ensure a dose match across participants and experimental groups

Conclusion
Stroke survivors made clinically and statistically significant 

improvements in the use of their impaired extremities using a robotic 
device in the home. Home-based, robotic-assisted therapy reduced 
costs, while expanding access to a rehabilitation modality for stroke 
survivors who would not otherwise have received care.
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