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Abstract—We systematically reviewed and analyzed the liter-
ature to find randomized controlled trials (RCTs) that 
employed robotic devices in upper-limb rehabilitation of peo-
ple with stroke. Out of 574 studies, 12 matching the selection 
criteria were found. The Fugl-Meyer, Functional Independence 
Measure, Motor Power Scale, and Motor Status Scale outcome 
measures from the selected RCTs were pooled together, and 
the corresponding effect sizes were estimated. We found that 
when the duration/intensity of conventional therapy (CT) is 
matched with that of the robot-assisted therapy (RT), no differ-
ence exists between the intensive CT and RT groups in terms of 
motor recovery, activities of daily living, strength, and motor 
control. However, depending on the stage of recovery, extra 
sessions of RT in addition to regular CT are more beneficial 
than regular CT alone in motor recovery of the hemiparetic 
shoulder and elbow of patients with stroke; gains are similar to 
those that have been observed in intensive CT.

Key words: activities of daily living, cerebrovascular accident, 
conventional therapy, Fugl-Meyer, Functional Independence 
Measure, intensive therapy, Motor Power Scale, Motor Status 
Scale, PEDro, randomized controlled trial.

INTRODUCTION

According to the World Health Organization, a 
stroke, also known as a cerebrovascular accident (CVA), 
is a sudden ischemic or hemorrhagic interruption in the 
blood flow supplying oxygen and nutrients to brain tis-
sue. This event results in brain cell death and, conse-

quently, partial loss of neurological function [1]. The 
occurrence of strokes has been progressively increasing. 
Currently, stroke is “the leading cause of adult disability 
in Western countries” [2] and one of the most common 
causes of death in the world [3]. The majority of people 
with stroke live with long-term disabilities leading to 
serious social and economic impacts. It is estimated that 
the direct and indirect cost of stroke care for the 6.5 mil-
lion people living with the disability in the United States 
[4] was $73.7 billion for 2010 [5]. According to “Track-
ing Heart Disease and Stroke in Canada” for 2009, stroke 
and heart diseases cost more than $22.2 billion annually 
[6]. These numbers will continue to rise as the population 
ages and people live longer.

Abbreviations: ADL = activities of daily living, CI = confi-
dence interval, CT = conventional therapy, CVA = cerebrovas-
cular accident, F-M = Fugl-Meyer, FIM = Functional 
Independence Measure, MeSH = Medical Subject Headings, 
MPS = Motor Power Scale, MSS = Motor Status Scale, PEDro =
Physiotherapy Evidence Database, RCT = randomized con-
trolled trial, RT = robot-assisted therapy, SMD = standardized 
mean difference, UL = upper limb.
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Depending on the magnitude and severity of the 
problem, people with stroke experience a variety of 
motor, sensory, and cognitive disabilities. A majority of 
patients have impaired upper-limb (UL) motor function 
following stroke and have difficulty in independently 
performing activities of daily living (ADL) [7–8]. There-
fore, one of the challenging aspects of stroke rehabilita-
tion is UL intervention. Studies have shown that only 6 to 
10 percent of people with stroke who have severe paraly-
sis achieve a full recovery by 6 months [9], and only 18 
percent of them regain full UL function [10]. While the 
initial degree of stroke and paresis severity is a good pre-
dictor of UL function recovery [7,11–12], task-specific, 
high-intensity exercises in an active, functional, and 
highly repetitive manner over a large number of trials 
have been shown to enhance motor recovery, even in 
chronic stages of stroke [13]. Studies on the dose-
response relationship in stroke rehabilitation have shown 
that more intensive therapy is associated with enhanced 
rate of motor recovery; additionally, no ceiling effect for 
intensity of therapy has been observed [14–16]. Despite 
these findings, traditional therapies are still not delivered 
more intensively or frequently, often because of cost and 
labor limitations [17]. In addition, traditional “hands-on” 
interventions can, at times, result in repetitive strain inju-
ries and excessive fatigue for therapists, thus leading to 
possible failure in delivery of highly intensive and repeti-
tive training [18]. Moreover, major intra- and interindi-
vidual variability exists in the application of manual 
therapy, leading to inconsistent outcomes.

One of the novel and rapidly expanding technologies 
in poststroke rehabilitation for enhancing the recovery 
process and facilitating the restoration of function is 
robot-assisted therapy (RT). Rehabilitation robotics has 
some advantages over conventional treatment approaches.
Advanced and intelligent robotic devices are able to pro-
vide consistent training and to measure performance with 
high reliability and accuracy [19]. Most importantly, robots
may allow patients to train more independently and with 
less supervision from a therapist [20].

Compared with the research and development in con-
ventional therapy (CT) techniques, the cost, effort, and 
time required for the research and development in reha-
bilitation robotics are significantly higher. Therefore, an 
important element in further development of therapeutic 
robots and RT programs is determining whether RT is 
more effective than CT, based on the scientific evidence 
extracted from the literature. A systematic review is a rig-

orous methodology for gathering, synthesizing, and eval-
uating available scientific evidence [21]. Therefore, the 
main objective of this article was to systematically ana-
lyze the literature to find evidence regarding the effec-
tiveness of RT compared with CT in improving motor 
recovery and functional abilities of the paretic UL of 
patients with stroke. The following question presents the 
goal of this review in PICO (population, intervention, 
comparison, and outcome) format: “In poststroke indi-
viduals, does RT, as compared with CT, improve UL 
motor recovery and functional ability?”

METHODS

Search Strategy
Eleven scientific databases were systematically 

searched through their online search engines; these data-
bases were MEDLINE (Medical Literature Analysis and 
Retrieval System Online; 1947 to July 2, 2010), CINAHL
(Cumulative Index to Nursing and Allied Health Litera-
ture; 1982 to July 2, 2010), EMBASE (Excerpta Medica 
Database; 1947 to July 2, 2010), Cochrane CENTRAL 
(Central Register of Controlled Trials; Issue 3, July 
2010), Cochrane Database of Systematic Reviews (Issue 
7, July 2010), REHABDATA (Disability and Rehabilita-
tion Literature Database; July 2, 2010), OTseeker (Occu-
pational Therapy Systematic Evaluation of Evidence; last 
updated May 28, 2010), DARE (Database of Abstracts of 
Reviews of Effects; July 2, 2010), Physiotherapy Evi-
dence Database (PEDro) (July 2, 2010), AMED (Allied 
and Complementary Medicine Database; 1985 to July 2, 
2010), and PsycINFO (Psychological Information Data-
base; 1967 to July 2, 2010). No start date limit was set on 
the search criteria of the databases, but the end date was 
the first week of July 2010. 

The following key words were used in the searches 
and the corresponding Medical Subject Headings 
(MeSH) terms were selected and “exploded” during the 
search. The general search strategy was as follows:

  • Search 1: Cerebrovascular Accident, Cerebral Vascular
Accident, CVA, Stroke* (combined by OR operator).

  • Search 2: Hemiplegia, Hemiparesis, Paresis, Hemip* 
(combined by OR operator).

  • Search 3: Robotics, Robot* (combined by OR operator).

  • Search 4: Upper Extremit*, Upper Limb*, Arm* 
(combined by OR operator).
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  • Final Search: ((Search 1 OR Search 2) AND (Search 3 
AND Search 4)).
In addition to the database searches, related reviews 

found during the search were examined and related publi-
cations included in the search results.

MeSH Terms Definition
Stroke is defined as “A group of pathological condi-

tions characterized by sudden, non-convulsive loss of 
neurological function due to BRAIN ISCHEMIA or 
INTRACRANIAL HEMORRHAGES. Stroke is classified
by the type of tissue NECROSIS, such as the anatomic 
location, vasculature involved, etiology, age of the affected
individual, and hemorrhagic vs. non-hemorrhagic nature.” 
(PubMed MEDLINE: MeSH database, 2008).

Robotics is defined as “The application of electronic, 
computerized control systems to mechanical devices 
designed to perform human functions. Formerly 
restricted to industry, but nowadays applied to artificial 
organs controlled by bionic (bioelectronic) devices, like 
automated insulin pumps and other prostheses.” 
(PubMed MEDLINE: MeSH database, 1987).

Upper Extremity is defined as “The region of the 
upper limb in animals, extending from the deltoid region 
to the HAND, and including the ARM; AXILLA; and 
SHOULDER.” (PubMed MEDLINE: MeSH database, 
2003).

Study Selection Criteria
The titles and abstracts of the studies found in the 

search were read independently by two of the reviewers. 
Based on the following criteria, suitable studies were 
included for the review. The reviewers had regular meet-
ings about their findings, and in case of disagreement 
between the two reviewers, the third reviewer was
consulted.

The inclusion criteria were—
  • Participants were adult patients with stroke.
  • Robot was used in the experimental protocol.
  • RT was aimed at motor recovery, function, or control 

of the UL.
  • Relevant outcomes measuring functional or motor 

recovery of the UL were used.
  • Study was a randomized controlled trial (RCT).
  • Control group received CT (either standard/usual care 

or intensive).
  • Article was published in a peer-reviewed journal.

The exclusion criteria were—
  • Studies that only compared two different RT tech-

niques or devices.
  • Robotic device was not used as a therapeutic tool.
  • Pre-Post design studies.

The searches were not limited to the English lan-
guage; articles published in languages other than English 
were examined by using their English abstracts or online 
translated versions of their abstracts.

Methodological Quality Assessment
The methodological quality of the chosen RCTs was 

evaluated using the PEDro scale [22]. Therapists and 
technicians who administer and supervise RT and CT 
know which subjects belong to the RT group and which 
ones to the CT group and are well aware of any assis-
tance from the robotic device during the experimental 
sessions; therefore, it is very difficult in these studies to 
have a blinded therapist. In some studies, control groups 
were exposed to the robotic device in its passive mode 
(not assisting the patient), but even in these cases, nonas-
sistance from the robot cannot be hidden from the person 
providing the intervention. Therefore, while the maxi-
mum score for the PEDro scale is 10, as the therapists 
and technicians providing the intervention cannot be 
blinded, the maximum possible score for the PEDro scale 
in this case is 9. For this reason, studies with PEDro 
scores higher than 5 were considered of high quality in 
this review.

Data Extraction
The selected publications were reviewed and the fol-

lowing information was extracted from them:
  • Descriptive information about subjects in the experi-

mental and control groups: age, sex, number of sub-
jects, stroke type, time from stroke onset, inclusion 
and exclusion criteria.

  • Outcome measures: outcomes, mean and standard 
deviation of the changes in the outcome measures 
postintervention.

  • Intervention information in both groups: type of robot, 
intervention methodology, duration of the interventions.

  • Statistically significant differences in outcome mea-
sures between RT and CT groups reported in the studies.

Data Analysis
Two outcome measures were selected for the analysis 

of motor and functional recovery of patients with stroke 
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after RT in this review. The Fugl-Meyer (F-M) assessment 
[23–24] is a performance-based motor impairment index 
that measures motor recovery poststroke. The F-M UL 
motor score is commonly used as the main outcome 
measure in rehabilitation robotics research. The Func-
tional Independence Measure (FIM) [25] is a disability 
scale commonly used in RT research to assess abilities 
for ADL. Therefore, the primary outcome measures of 
interest for statistical analysis using data pooling were 
the UL section of the F-M and the FIM. The statistical 
information about the changes in the F-M and FIM scores 
between admission and discharge were extracted, if 
available, or estimated from the selected RCTs. The 
effect size of each study was determined, and all of them 
were pooled together for calculating the summary effect 
size. In addition, 95 percent confidence intervals (CIs) 
were calculated. For this meta-analysis, we used Cochrane
RevMan (version 5) software (The Cochrane Collabora-
tion/The Nordic Cochrane Centre; Copenhagen, Denmark).

In addition, when available, Motor Power Scale 
(MPS) values, which measure strength in proximal mus-
cles of the UL, and Motor Status Scale (MSS) values, 
which measure isolated movements of the UL, were 
pooled together.

RESULTS

Figure 1 summarizes the selection process of the 
RCTs included in this review. From the systematic litera-
ture search, 574 records were retrieved from all the data-
bases mentioned (286 records from EMBASE, MEDLINE,
PsycINFO, and AMED after automatic removal of dupli-
cate records by the Ovid search engine, 85 from 
CINAHL, 32 from the Cochrane databases, 3 from DARE,
30 from OTseeker, 100 from REHABDATA, and 38 from 
PEDro). By screening the titles and abstracts of these 
records, we selected only 44 relevant studies for further 
detailed review. Out of these 44 studies, 4 RCTs were 
excluded because RT groups were compared with control 
groups that received treatments other than CT (Table A1
in the Appendix, available online only), 14 of them were 
review studies (Table A2 in the Appendix, available 
online only), 8 did not meet the inclusion-exclusion crite-
ria (Table A3 in the Appendix, available online only), 
and 6 presented preliminary results or were related to the 
included RCTs (Table A4 in the Appendix, available 
online only).

Based on the inclusion-exclusion criteria, 11 RCTs 
(plus 1 follow-up study [26] of another included RCT 
[27]) were qualified for inclusion in this review. A sum-
mary of the included studies is shown in Table 1 with 
information about the participants, the robotic device, 
and the outcome measures that is of particular interest for 
this review.

The participants with stroke in these RCTs ranged 
from acute to chronic at the time of admission to the 
experiments. Six robotic instruments were used in these 
RCTs: REHAROB [28], T-WREX [29], ARM-Guide 
[30], MIME [31–32], NeReBot [33], and MIT-Manus 
[26–27,34–37]. Most of the studies (and most robots) 
focused on the restoration of proximal UL function. One 
study compared three RT groups with CT to investigate 
the effect of bilateral RT [31]; in our analysis, only the 
data from the unilateral RT group has been used. The 
other RCTs also focused on unilateral RT (except one 
[32] that incorporated bilateral therapy in addition to uni-
lateral therapy inside the RT program).

Summary of Robotic Devices
Among the wide variety of robotic devices that have 

been developed and used for stroke rehabilitation, those 
employed in the selected RCTs were the following:
  • MIT-MANUS shoulder and elbow module is a two-

degree-of-freedom robot allowing patients to perform 
reaching movements in the horizontal plane [38]. The 
wrist module of MIT-MANUS is a three-degree-of-
freedom robotic device allowing abduction-adduction, 
flexion-extension, and pronation-supination [39]. The 
system also includes an antigravity module for vertical
movements and a grasp-hand module for closing and 
opening movements [34]. The device provides assistive
or resistive forces as well as a passive mode, enabling 
patients to train their shoulder, elbow, and wrist.

  • MIME, or “Mirror Image Movement Enabler,” is a 
robotic device with six degrees of freedom [32]. 
MIME applies assistance or resistance forces to the 
patient’s paretic forearm. In bimanual mode, the robot 
helps patients move their affected arm in a pattern that 
mirrors that of the less affected arm.

  • ARM-Guide, or “Assisted Rehabilitation and Mea-
surement Guide,” is a four-degree-of-freedom robotic 
device developed by Kahn et al. [40] that allows 
patients with stroke to reach along a linear track.

  • T-WREX, or “Therapy Wilmington Robotic Exoskel-
eton,” was developed at the University of California-
Irvine. T-WREX is a five-degree-of-freedom passive 

norouzigheidari494appn.pdf
norouzigheidari494appn.pdf
norouzigheidari494appn.pdf
norouzigheidari494appn.pdf


483

NOROUZI-GHEIDARI et al. Meta-analysis of upper-limb rehabilitation robotics in stroke
antigravity orthosis with a computer workstation [41]. 
This device allows patients to exercise in a more func-
tional way.

  • NeReBot or “NEuro REhabilitation Robot,” [42] is a 
three-degree-of-freedom robot, designed and built at 
Padova University. The robot system comprises a set 
of three nylon cables attached to a rigid orthosis, 
which is independently controlled by three direct-current
motors.

Methodological Quality Assessment
The results of the methodological quality assessment 

using the PEDro scale are summarized in Table 2. The 
PEDro scores ranged from 2 to 7. All studies were con-
sidered high quality except Fazekas et al. [28], which had 
a PEDro score of 2; as a result of the low PEDro score 
and also because the statistical information for the 
“between group comparison” and “point estimates and 
variability” was not included, this study was excluded 

Figure 1.
Flow diagram of selection process of randomized controlled trials (RCTs) included in this review. *One study is follow-up of another 
included RCT.
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Table 1. 
Characteristics of selected randomized controlled trials.

Study N (Sex) Age (yr)
Mean ± SD (Range)

Months/[weeks]/“day”
Poststroke

Mean ± SD or (Range)
Stroke Stage 
at Admission

Robotic 
Device

Outcome 
Measures of 

Interest
RT (M/F) CT (M/F) RT CT RT CT

Fazekas et al. [1] 15 (7/8)* 15 (10/5)† 56.6 ± ?
(28–82)

55.9 ± ?
(28–77)

23.2 ± ?
(1.2–87)

9.5 ± ?
(1.1–44)

Not Stated 
(Subacute/
Chronic)

REHAROB F-M (s/e), 
FIM (self-
care)

Housman et al. [2] 14 (11/3) 14 (7/7) 54.2 ± 11.9 56.4 ± 12.8 84.5 ± 96.3 112.4 ± 128.5 Chronic T-WREX F-M (UL)

Kahn et al. [3] 10 (4/6) 9 (7/2) 55.6 ± 12.2 55.9 ± 12.3 75.8 ± 45.5 103.1 ± 48.2 Chronic ARM Guide Ch-McM 
(arm)

Lum et al. [4] 13 (12/1) 14 (8/6) 63.2 ± 3.6 65.9 ± 2.4 30.2 ± 6.2 28.8 ± 6.3 Chronic MIME F-M (UL), 
FIM (self-
care)

Lum et al. [5]‡ 10 (9/1)
9 (5/4)
5 (2/3)

6 (4/2) 62.3 ± 2.8
69.8 ± 4.0
72.2 ± 11.7

59.9 ± 5.5 [13.0 ± 2.1] wk
[10.0 ± 1.9] wk
[6.2 ± 1.0] wk

[10.6 ± 2.7] wk Subacute MIME F-M (UL), 
FIM (self-
care), MSS, 
MPS

Masiero et al. [6] 17 (10/7) 18 (11/7) 63.4 ± 11.8 68.8 ± 10.5 [1 week] [1 week] Acute NeReBot F-M (s/e/c, 
w/h), FIM 
(self-care)

Aisen et al. [7]§ 10 (5/5) 10 (6/4) 58.5 ± 8.3 63.3 ± 10.6 [2.8 ± 1.1] wk [3.3 ± 1.2] wk Acute MIT-Manus F-M (UL), 
FIM (self-
care), MSS, 
MPS

Volpe et al. [8]§ 6 (4/2) 6 (3/3) 54 ± 7.3 66 ± 4.9 “14.8 ± 4.4” d “19.5 ± 7.8” d § MIT-Manus F-M (s/e/c, 
w/h), FIM 
(self-care), 
MSS, MPS

Volpe et al. [9] 30  (16/14) 26  (14/12)62 ± 11 67 ± 10.2 “14.0 ± 4.9” d “15.8 ± 6.6” d Acute MIT-Manus F-M (s/e/c, 
w/h), FIM 
(motor), 
MSS, MPS

Volpe et al. [10] 11 (8/3) 10 (7/3) 62 ± 3 60 ± 3 [35 ± 7] wk [40 ± 11] wk Chronic MIT-Manus F-M (s/e/c, 
w/h), MPS

Rabadi et al. [11] 10 (5/5) 10 (5/5) 79.5 ± 6.2 67.8 ± 12.7 “19.0 ± 4.7” d “22.5 ± 18.2” d Acute MIT-Manus F-M (UL), 
FIM (motor), 
MSS, MPS

Lo et al. [12]¶ 49 (47/2) 50 (48/2)
28 (27/1)

66 ± 11
(44–95)

64 ± 11
      (28–86)
63 ± 12
      (42–88)

3.6 ± 4.0
 (0.6–19.8)

4.8 ± 4.0
     (0.5–15.7)

6.2 ± 5.0
     (0.5–23.6)

Chronic MIT-Manus F-M (UL)
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from further analysis. In two of the studies, some of the 
baseline values were not comparable between the groups. 
In Lum et al. [31], three robotic groups were compared 
with the control group; the baseline values of the Modi-
fied Ashworth Scale and MSS Synergy Scale for two of 
the robotic groups were different, and therefore, 
between-groups comparison was not performed for these 
two outcome measures. In the second study, Rabadi et al. 
[35], even though several baseline values were different 
between the groups, the confounding effects of baseline 
difference in age, stroke type, and some of the outcome 
measures were adjusted during the statistical analysis.

Quantitative Analysis
In order to compare the motor recovery in patients 

with stroke between RT and CT groups, nine of the 
selected studies used changes in F-M score, while one 
study used the Chedoke-McMaster measure for quantify-
ing motor recovery [30]; this study has therefore been 
excluded from the following analyses. In addition, 

changes in MPS and MSS scores were used in some of 
the studies [27,31,35–37]. Six of the studies used changes 
in the FIM to assess improvement in functional perform-
ance [27,31–33,35,37]. Therefore, the focus of the quan-
titative analysis was on the F-M, FIM, MPS, and MSS 
measures.

When the effectiveness of RT versus CT is com-
pared, two factors may affect the outcome measures of 
interest. The first factor is the duration/intensity of the 
therapy in the RT and CT groups (whether they are the 
same or the RT group received additional therapy) and 
the second one is the stage of stroke recovery (acute/sub-
acute or chronic) of the participants in the studies. Table 3
categorizes the studies based on these two factors. 
Matching of duration/intensity in RT and CT groups for 
the studies shown in the first column of Table 3 refers to 
the same treatment time per session and the same total 
number of sessions; in two of the studies [34–35] the 
same form of treatment was administered, and in one 
study [34], even the number of movements between the 

*13 stroke and 2 TBI.
†9 stroke and 6 TBI.
‡3 RT groups (top to bottom): robot-combined, robot-unilateral, robot-bilateral.
§Volpe et al. [8] is follow-up study of Aisen et al [7].
¶2 CT groups (top to bottom): intensive comparison therapy and usual care.
  1. Fazekas G, Horvath M, Troznai T, Toth A. Robot-mediated upper limb physiotherapy for patients with spastic hemiparesis: a preliminary study. J Rehabil Med. 

2007;39(7):580–82. [Stiftelsen Rehabiliteringsinformation].
  2. Housman SJ, Scott KM, Reinkensmeyer DJ. A randomized controlled trial of gravity-supported, computer-enhanced arm exercise for individuals with severe 

hemiparesis. Neurorehabil Neural Repair. 2009;23(5):505–14.
  3. Kahn LE, Zygman ML, Rymer WZ, Reinkensmeyer DJ. Robot-assisted reaching exercise promotes arm movement recovery in chronic hemiparetic stroke: a 

randomized controlled pilot study. J Neuroeng Rehabil. 2006;3(1):12.
  4. Lum PS, Burgar CG, Shor PC, Majmundar M, Van der Loos M. Robot-assisted movement training compared with conventional therapy techniques for the 

rehabilitation of upper-limb motor function after stroke. Arch Phys Med Rehabil. 2002;83(7):952–59.
  5. Lum PS, Burgar CG, Van der Loos M, Shor PC, Majmundar M, Yap R. MIME robotic device for upper-limb neurorehabilitation in subacute stroke subjects: A 

follow-up study. J Rehabil Res Dev. 2006;43(5):631–42.
  6. Masiero S, Celia A, Rosati G, Armani M. Robotic-assisted rehabilitation of the upper limb after acute stroke. Arch Phys Med Rehabil. 2007;88(2):142–49.
  7. Aisen ML, Krebs HI, Hogan N, McDowell F, Volpe BT. The effect of robot-assisted therapy and rehabilitative training on motor recovery following stroke. 

Arch Neurol. 1997;54(4):443–46.
  8. Volpe BT, Krebs HI, Hogan N, Edelsteinn L, Diels CM, Aisen ML. Robot training enhanced motor outcome in patients with stroke maintained over 3 years. 

Neurology. 1999;53(8):1874–76.
  9. Volpe BT, Krebs HI, Hogan N, Edelstein OTR L, Diels C, Aisen M. A novel approach to stroke rehabilitation: robot-aided sensorimotor stimulation. Neurol-

ogy. 2000;54(10):1938–44.
10. Volpe BT, Lynch D, Rykman-Berland A, Ferraro M, Galgano M, Hogan N, Krebs HI. Intensive sensorimotor arm training mediated by therapist or robot 

improves hemiparesis in patients with chronic stroke. Neurorehabil Neural Repair. 2008;22(3):305–10.
11. Rabadi MH, Galgano M, Lynch D, Akerman M, Lesser M, Volpe BT. A pilot study of activity-based therapy in the arm motor recovery post stroke: a random-

ized controlled trial. Clin Rehabil. 2008;22(12):1071–82.
12. Lo AC, Guarino PD, Richards LG, Haselkorn JK, Wittenberg GF, Federman DG, Ringer RJ, Wagner TH, Krebs HI, Volpe BT, Bever CT Jr, Bravata DM, Dun-

can PW, Corn BH, Maffucci AD, Nadeau SE, Conroy SS, Powell JM, Huang GD, Peduzzi P. Robot-assisted therapy for long-term upper-limb impairment after 
stroke. N Engl J Med. 2010;362(19):1772–83.

c = coordination, Ch-McM = Chedoke-McMaster, CT = conventional therapy, e = elbow, F = female, FIM = Functional Independence Measure, F-M = Fugl-Meyer, 
M = male, MPS = Motor Power Scale, MSS = Motor Status Scale, RT = robot-assisted therapy, SD = standard deviation, s = shoulder, TBI = traumatic brain injury, 
UL = upper limb, w/h = wrist/hand. 

Table 1. (cont)
Characteristics of selected randomized controlled trials.
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Table 2. 
Quality assessment of selected randomized controlled trials using Physiotherapy Evidence Database (PEDro) scale: higher score implies higher quality.

Study Eligibility 
Criteria

Random 
Allocation

Concealed 
Allocation

Baseline 
Comparability

Blind 
Subjects

Blind 
Therapists

Blind 
Assessors

Adequate 
Follow-Up 
(Drop-out 

rate)

Intention-
to-Treat 
Analysis

Between-
Group 

Comparisons

Point 
Estimates 

and 
Variability

PEDro 
Score

Fazekas et al. [1] No Yes No No No No Yes No No No No 2

Housman et al. 
[2]

Yes Yes No Yes No No Yes No No Yes Yes 5

Kahn et al. [3] Yes Yes No Yes No No Yes No No Yes Yes 5

Lum et al. [4] Yes Yes No Yes No No Yes Yes No Yes Yes 6

Lum et al. [5] Yes Yes No No No No Yes Yes No Yes Yes 5

Masiero et al. 
[6]

Yes Yes No Yes No No Yes Yes No Yes Yes 6

Aisen et al. [7]
& Volpe et al. 
[8]*

No Yes No Yes Yes No Yes No No Yes Yes 6

Volpe et al. [9] Yes Yes No Yes Yes No Yes Yes No Yes Yes 7

Volpe et al. [10] Yes Yes No Yes No No Yes Yes No Yes Yes 6

Rabadi et al. 
[11]

Yes Yes Yes No No No Yes Yes No Yes Yes 6

Lo et al. [12] Yes Yes No Yes No No Yes Yes No Yes Yes 6

*Volpe et al. [8] is follow-up study of Aisen et al. [7].
  1. Fazekas G, Horvath M, Troznai T, Toth A. Robot-mediated upper limb physiotherapy for patients with spastic hemiparesis: a preliminary study. J Rehabil Med. 
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RT and CT groups was matched. All these parameters are 
referred as “duration/intensity” in the text. The data pool-
ing analyses were run independently for each factor 
since, to our knowledge, no two-way meta-analysis tech-
nique exists.

Since the selected RCTs used different robotic 
devices, methodology, and subscales of outcome mea-
sures, we used the random-effects technique in the fol-
lowing meta-analyses to consider the potential effect of 
heterogeneity, i.e., potential variability among the selected
RCTs. Also, in studies in which the standard deviation or 
mean of change of the outcome measures of interest has 

not been directly reported, calculated or estimated values 
were used in the meta-analyses. For illustration of the 
meta-analyses results, we included forest plot graphics in 
which the location of the filled square, its width, and its 
size represent the mean of change in the outcome meas-
ure of interest between RT and CT, its 95 percent CI, and 
the weight of each study in that meta-analysis, respec-
tively. The width of the diamond in a forest plot shows 
the 95 percent CI for the pooled results of the meta-anal-
ysis. A study weight in each meta-analysis is determined 
based on the mean, standard deviation, and number of 
subjects in that study compared with the other studies 
included in the meta-analysis.

Fugl-Meyer Meta-Analysis
In all the selected RCTs except one [30], the F-M 

measure was used for quantification of motor recovery. 
This study (Kahn et al. [30]) used the Chedoke-McMaster
measure and therefore was not included in the F-M meta-
analysis. Three of the studies measured the F-M UL Total 
score [27,29,34], while the others reported the F-M Prox-
imal (shoulder/elbow/coordination) and the F-M Distal 
(wrist/hand) scores separately [31–33,35–37]. The latter 
studies did not report any significant difference between 
the RT and CT groups in terms of change in the F-M Dis-
tal score. Therefore, in order to pool all the F-M measure-
ments, we assumed that the changes in the F-M Total 
score were mostly due to changes in the F-M Proximal 
score. Based on this assumption, we pooled changes in 
the F-M Total and F-M Proximal together in this meta-
analysis. In order to further remove any potential bias 
caused by this assumption, we used the standardized 
mean difference (SMD), rather than mean difference, to 
normalize the scales.

In order to compare the effectiveness of RT versus 
CT, we performed two separate meta-analyses. In the 
first meta-analysis, we formed two subgroups based on 
the comparability of the duration/intensity of the RT and 
CT (i.e., additional duration/intensity for the RT group or 
the same duration/intensity for RT and CT). The results 
are shown in Figure 2. One study (Lo et al. [34]) com-
pared RT with two control groups (intensive CT that 
matched the duration/intensity of the RT and usual CT) 
and has therefore been included in both subgroups. The 
results show that when RT is used as additional therapy, 
the motor recovery in RT groups is significantly higher 
than CT groups (p = 0.004), but when the CT duration/
intensity is matched with the RT, the gain is not statisti-
cally significant.

Table 3.
Study categorization based on two factors that affect outcome 
measures of interest.

Stroke Stage Duration/Intensity of RT vs CT
Same Additional

Acute/Subacute Lum et al. [1]
Rabadi et al. [2]

Aisen et al. [7]
Masiero et al. [8]
Volpe et al. [9]

Chronic Housman et al. [3]
Lo et al. [4]
Lum et al. [5]
Volpe et al. [6]

Lo et al. [4]

1. Lum PS, Burgar CG, Van der Loos M, Shor PC, Majmundar M, Yap R. 
MIME robotic device for upper-limb neurorehabilitation in subacute stroke 
subjects: A follow-up study. J Rehabil Res Dev. 2006;43(5):631–42.

2. Rabadi MH, Galgano M, Lynch D, Akerman M, Lesser M, Volpe BT. A 
pilot study of activity-based therapy in the arm motor recovery post stroke: 
a randomized controlled trial. Clin Rehabil. 2008;22(12):1071–82.

3. Housman SJ, Scott KM, Reinkensmeyer DJ. A randomized controlled trial 
of gravity-supported, computer-enhanced arm exercise for individuals with 
severe hemiparesis. Neurorehabil Neural Repair. 2009;23(5):505–14.

4. Lo AC, Guarino PD, Richards LG, Haselkorn JK, Wittenberg GF, Federman 
DG, Ringer RJ, Wagner TH, Krebs HI, Volpe BT, Bever CT Jr, Bravata DM, 
Duncan PW, Corn BH, Maffucci AD, Nadeau SE, Conroy SS, Powell JM, 
Huang GD, Peduzzi P. Robot-assisted therapy for long-term upper-limb 
impairment after stroke. N Engl J Med. 2010;362(19):1772–83.

5. Lum PS, Burgar CG, Shor PC, Majmundar M, Van der Loos M. Robot-
assisted movement training compared with conventional therapy techniques 
for the rehabilitation of upper-limb motor function after stroke. Arch Phys 
Med Rehabil. 2002;83(7):952–59.

6. Volpe BT, Lynch D, Rykman-Berland A, Ferraro M, Galgano M, Hogan N, 
Krebs HI. Intensive sensorimotor arm training mediated by therapist or 
robot improves hemiparesis in patients with chronic stroke. Neurorehabil 
Neural Repair. 2008;22(3):305–10. 

7. Aisen ML, Krebs HI, Hogan N, McDowell F, Volpe BT. The effect of robot-
assisted therapy and rehabilitative training on motor recovery following 
stroke. Arch Neurol. 1997;54(4):443–46.

8. Masiero S, Celia A, Rosati G, Armani M. Robotic-assisted rehabilitation of 
the upper limb after acute stroke. Arch Phys Med Rehabil. 2007;88(2):142–49.

9. Volpe BT, Krebs HI, Hogan N, Edelstein OTR L, Diels C, Aisen M. A novel 
approach to stroke rehabilitation: robot-aided sensorimotor stimulation. 
Neurology. 2000;54(10):1938–44.

CT = conventional therapy, RT = robot-assisted therapy.
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In the second meta-analysis, two subgroups were 
also formed, based on the stroke recovery stage of the 
participants (i.e., acute/subacute or chronic). However, as 
shown in Figure 2, the comparability of the duration/
intensity of the RT and CT has a significant effect on the 
results. Therefore, meta-analyses were separately per-
formed for the four factorial combinations in Table 3. 
The results are displayed in Figure 3 and reveal that in 
both early and late stages of stroke recovery when the 
duration/intensity of CT is matched with RT, motor 
recovery improvements are not statistically different 
between the two groups. However, the results do show 
that during the acute/subacute stage of stroke recovery, 
additional RT leads to significantly greater gains in F-M 
score than CT alone (p = 0.01). We could not perform any 
meta-analysis on effect of additional RT during chronic
stage because only one study was in this category (Lo et al.
[34]). This study reported that gains were not statistically 
significantly different between additional RT and usual CT.

Functional Independence Measure Meta-Analysis
The FIM scale has two subsections: Motor (including 

self-care, sphincter control, mobility/transfer, and loco-

motion) and Cognition (including communication and 
social cognition). FIM Total was measured in three of the 
RCTs [27,33,35], two of which reported the FIM Motor 
scores as well [33,35]. One study measured the FIM 
Motor (except for sphincter control) [37], and two studies 
measured FIM self-care and transfer [31–32]. Only three 
studies measured the changes in FIM Cognition and 
reported that these changes were not different between 
the RT and CT groups [33,35,37]. We therefore assumed 
that the changes in the FIM Total and FIM Motor (or its 
subscales) could be pooled together for the purpose of this
meta-analysis. In order to further remove any potential 
bias caused by this assumption, we used the SMD rather 
than mean difference to normalize the scales. Similar to 
the F-M meta-analysis, the studies for the FIM meta-
analysis were placed in subgroups based on the compara-
bility of duration/intensity of RT and CT (additional 
duration/intensity for RT or the same duration/intensity).

Figure 4 shows the results of this meta-analysis. The 
statistics of the pooled results in both subgroups indicate 
that no statistically significant difference existed between 
RT and CT in terms of improvement in ADL, whether 
applying additional RT or not.

Figure 2.
Results of changes in Fugl-Meyer (F-M) score between robot-assisted therapy (RT) and conventional therapy (CT). Two meta-anal-
yses were performed based on relative duration/intensity of RT and CT. In these meta-analyses, standardized mean difference 
(SMD) of F-M Total score in Aisen et al., 1997 [27], Housman et al., 2009 [29], and Lo et al., 2010 [34] and SMD of F-M Proximal 
score in rest of studies were pooled together. CI = confidence interval, SD = standard deviation.
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Motor Power Scale Meta-Analysis
Five studies used the MPS as one of the outcome 

measures. Two studies focused on strength in four proxi-
mal muscles of the paretic arm by assessing power in the 
elbow flexor and extensor (biceps and triceps) and shoul-
der flexor and abductor (anterior and lateral deltoid) mus-
cles, with a maximum score of 20 [27,37]. However, 
three studies used the MPS to assess 14 movements at the 
scapular, shoulder, and elbow joints, with a maximum 
score of 70 [31,35–36]. Therefore, it was not possible to 
combine these two measurements in one group and two 
separate subgroups were formed. Fortunately, all the 
studies in the subgroup “MPS out of 20” looked at the 
effectiveness of additional RT and all the studies in the 
subgroup “MPS out of 70” were of the same duration/
intensity for the RT and CT groups. Figure 5 shows the 
results of this data pooling. The mean difference has been 
used as the measures are the same in each subgroup. The 
results show that with additional RT, the gains in the 
MPS for 4 movements (out of 20) were significantly 

higher than with CT. However, no significant difference 
in MPS gains existed for 14 movements (out of 70) 
between same duration/intensity RT and CT.

Motor Status Scale Meta-Analysis
Four studies used the MSS as one of the outcome 

measures. One study measured MSS Synergy [31], while 
the other three measured MSS Shoulder/Elbow score and 
therefore the data could be pooled [27,35,37]. However, 
two of these studies [27,37] were additional RT and the 
other study [35] was same duration/intensity. Therefore, 
only the two additional RT studies [27,37] were pooled 
together in this meta-analysis (Figure 6). The results 
showed significant improvements in the MSS Proximal 
score in the RT group compared with the CT group when 
additional RT was employed. The single study with 
matched duration/intensity of RT and CT reported that 
the gain in the MSS Proximal score was not statistically 
significantly different [35].

Figure 3.
Detailed meta-analysis of changes in Fugl-Meyer score between robot-assisted therapy (RT) and conventional therapy (CT). Four 
subgroups based on stroke stage of participants and comparability of duration/intensity of RT and CT were formed. CI = confidence 
interval, SD = standard deviation, SMD = standardized mean difference. 
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Follow-up Meta-Analysis
In the analysis of the follow-up data, only the F-M 

measure was of interest to this review. Seven studies 
reported long-term follow-up data after the end of study. 
Four of the RCTs [29,31–32,34] measured the F-M score 
at 6 months posttreatment. The other studies measured 
the follow-up data after 3 months, 8 months, and 3 years 
[26,33,36]. For data pooling, we selected only five stud-
ies with 6 to 8 month posttreatment data. Similar to the 
previous meta-analyses, the comparability of duration/

intensity between RT and CT was considered. Four of the 
studies had the same duration/intensity and included a
6 month follow-up, while only one had additional RT and 
measured the follow-up at 8-months posttreatment.
Figure 7 shows the results of this meta-analysis. The 
results reveal that the F-M gains in RT groups were not 
significantly higher when compared with the matched 
duration/intensity CT groups. The single study [33] with 
additional RT reported that the difference in F-M gains at 

Figure 4.
Meta-analysis of changes in Functional Independence Measure score between robot-assisted therapy (RT) and conventional ther-
apy (CT) groups. CI = confidence interval, SD = standard deviation, SMD = standardized mean difference.

Figure 5.
Meta-analysis of changes in Motor Power Scale (MPS) score between robot-assisted therapy (RT) and conventional therapy (CT) 
groups. CI = confidence interval, SD = standard deviation, SMD = standardized mean difference.
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8 months follow-up between the RT and CT groups was 
statistically higher following RT.

DISCUSSION

In this systematic review, the effect of RT in compar-
ison with CT on improving motor recovery and func-
tional abilities of the paretic UL of people with stroke 
was investigated through the use of several meta-analyses.
The scope of this review is limited and does not include 
social robots. In summary, based on the high quality 
RCTs, the results suggest that when the duration/intensity 
of conventional rehabilitative care was matched with that of 
RT, no statistically significant difference existed in the F-M 

scores between the two groups. However, when RT tech-
niques were applied in addition to CT, they significantly 
improved F-M scores after treatment compared with 
standard CT. The extra therapeutic duration/intensity 
may be the reason for this result; the high number of 
repetitive movements generated during RT is probably 
the key reason for this therapeutic effect.

The meta-analysis of the changes in F-M scores 
based on stroke stage indicated that, similar to what was 
discussed previously regarding when duration/intensity 
of CT was matched with that of RT, no statistically signifi-
cant difference existed in motor recovery between CT and 
RT groups in both acute/subacute and chronic stages of
stroke. However, when RT techniques were applied in addi-
tion to CT during the acute/subacute stage, significantly 

Figure 6.
Meta-analysis of changes in Motor Status Scale score between robot-assisted therapy (RT) and conventional therapy (CT) groups. 
CI = confidence interval, SD = standard deviation, SMD = standardized mean difference.

Figure 7.
Meta-analysis of changes in Fugl-Meyer score between robot-assisted therapy (RT) and conventional therapy (CT) groups at 6- to 8-
month follow-up. CI = confidence interval, SD = standard deviation, SMD = standardized mean difference.
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improved motor recovery occurred. As only one RCT 
[34] examined the effect of additional RT during the 
chronic stage of stroke, no meta-analysis could be per-
formed and no conclusion could be drawn.

The meta-analysis of the 6 month follow-up of the F-M
changes also shows that, in that case, no statistically sig-
nificant difference existed in motor recovery between 
matched duration/intensity CT and RT. Again, as only 
one study examined the long-term effect of additional 
RT, no meta-analysis could be performed and no conclu-
sion could be drawn [33]. Similar to the previous results, 
the gains in strength, measured by the MPS, were not dif-
ferent between CT and RT groups when the duration/
intensity of the therapies was matched and were different 
when additional RT was administered. Similar results 
were found for gains in motor control, measured by the 
MSS.

The F-M score used in these meta-analyses was 
either from the UL section or proximal UL (shoulder and 
elbow) section. Based on the studies that used F-M 
assessment at the distal level, no significant difference 
existed between the RT and CT groups in terms of 
change in F-M Distal subscore (wrist and hand level) 
[31–33,35–37]. As a result, all the improvements in the 
F-M score from additional RT could be attributed to the 
proximal UL. The possible explanation for this difference 
is that almost none of the robotic devices discussed in 
this review were designed for motor improvements of the 
distal UL. The therapeutic program in these studies 
mostly focused on the shoulder and elbow of the partici-
pants with stroke. In other words, the improvements were 
training specific. Likewise, the gains in both the MPS 
and MSS measures with additional RT were also in the 
proximal UL.

With regards to functional abilities (measured by the 
FIM), the performance of the RT groups was not different 
than the CT groups in both matched duration/intensity 
and additional RT groups. This can be explained by the 
fact that the focus of the RT programs was mainly on 
recovery of motor rather than functional abilities of the 
UL. Another important issue is the effect of bimanual RT 
in motor recovery after stroke. Only one RCT [31] inves-
tigated this factor and reported that the combined uni-
manual and bimanual RT program had greater gains in 
proximal F-M when compared with CT. Lack of RCTs 
dealing with this issue is evident.

All of the findings demonstrate that the effectiveness 
of rehabilitation robotics is similar to matched CT. It is 

worthwhile to clarify that when the duration/intensity of 
conventional rehabilitative care is matched with that of 
RT, this CT program is not the same as regular, standard 
care; it is an intensive CT program. Therefore, even 
though RT does not seem to lead to higher gains in UL 
function when matched with the same amount of extra 
CT (intensive CT), employing RT in clinical settings can 
be justified for several reasons. For instance, during 
intensive CT, the therapist might not be able to deliver 
the intensive program as planned and might not adjust it 
appropriately based on the patient’s progress. This can be 
due to fatigue or other human-related factors. On the 
other hand, robots always deliver the therapeutic pro-
grams as planned and are programmed to self-adjust 
based on the patient’s progress. The repetitive nature of 
therapy can be delegated to a properly designed RT pro-
gram, which delivers high-intensity therapeutic tasks and 
a “highly reproducible motor learning experience” [39]. 
Another reason is that RT seems more interesting and 
motivating to patients with stroke than CT, which might 
increase collaboration, motivation, and effort by the 
patients with stroke in RT sessions. In other words, even 
though RT and intensive CT may be equivalent in terms 
of functional gains, combining the two may lead to 
increased variety of therapeutic modalities for patients. 
Last, but not least, there may be financial benefits when 
employing therapeutic robots in the long-term. For exam-
ple, one therapist can setup therapeutic programs for sev-
eral patients and monitor them at the same time. 
Nonetheless, there are limitations to the use of RT. For 
example, most robotic devices discussed here are planar 
robots (two-dimensional); they are mainly designed for 
shoulder and elbow movements and do not include wrist 
and prehension, which are frequently affected in stroke. 
In addition, the RT exercises are more motor-rehabilitation
based techniques than function-based therapy. Further-
more, the “assist as needed” protocol that is used in many 
rehabilitation robotics studies may encourage patients to 
wait until the robot does the task for them.

In general, depending on the stage of recovery, 
highly intense therapy either by a therapist or a robotic 
device is associated with higher recovery rate [14–16]. 
However, patients in general receive limited therapy 
from therapists in rehabilitation settings [43–44] because 
of resource constraints. Thus, rehabilitation robotics fills 
this gap by providing the opportunity for more intense 
practice with minimal supervision by the therapist [19].
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CONCLUSIONS

This systematic review confirms that when the dura-
tion/intensity of CT is matched with RT, there is no dif-
ference between RT and (intensive) CT groups in terms 
of motor recovery, ADL, strength, and motor control. 
Nonetheless, similar to the results obtained employing 
intensive CT, additional sessions of RT promote better 
motor recovery in the UL of patients with stroke when 
compared with standard CT. In other words, the use of 
robotics by itself does not translate into better therapy for 
people with stroke. Rather, robots deliver highly repeti-
tive therapeutic tasks with minimal supervision of a ther-
apist and these additional sessions of RT improve motor 
recovery of the hemiparetic shoulder and elbow of 
patients with stroke. Developing new function-based RT 
protocols, building robotic devices for rehabilitation of 
prehension and with more degrees of freedom, and con-
ducting new RCTs that consider the factors discussed in 
this review are recommended for future studies.
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