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Abstract—The successful motor rehabilitation of stroke 
patients requires early intensive and task-specific therapy. A 
recent Cochrane Review, although based on a limited number 
of randomized controlled trials (RCTs), showed that early 
robotic training of the upper limb (i.e., during acute or sub-
acute phase) can enhance motor learning and improve func-
tional abilities more than chronic-phase training. In this article, 
a new subacute-phase RCT with the Neuro-Rehabilitation-
roBot (NeReBot) is presented. While in our first study we used 
the NeReBot in addition to conventional therapy, in this new 
trial we used the same device in substitution of standard proxi-
mal upper-limb rehabilitation. With this protocol, robot 
patients achieved similar reductions in motor impairment and 
enhancements in paretic upper-limb function to those gained 
by patients in a control group. By analyzing these results and 
those of previous studies, we hypothesize a new robotic proto-
col for acute and subacute stroke patients based on both treat-
ment modalities (in addition and in substitution).

Clinical Trial Registration: ClinicalTrials.gov; NCT01102309, 
“Robot-assisted rehabilitation of the upper limb in acute and 
subacute poststroke patients”; http://clinicaltrials.gov/ct2/show/
NCT01102309.

Key words: cerebrovascular accident, hemiparesis, recovery 
of function, rehabilitation, robot, robotics, stroke, subacute 
therapy, training, upper limb.

INTRODUCTION

Stroke has a considerable social impact, leaving sur-
vivors with residual impaired arm function and disability 
in activities of daily living (ADLs). Recovery is partial in 
85 percent of stroke survivors [1], about 35 percent of 
whom are left with a major disability; traditional rehabili-
tation programs leave about 30 to 60 percent still without 
functional use of the paretic/plegic arm [2–3]. Moreover, 
the number of people requiring rehabilitation treatment 
after stroke is rapidly growing owing to population aging 
[4]. The aim of rehabilitation in subjects with hemiplegia 
is to promote recovery of lost function, independence, and 
early reintegration into social and domestic life. Clinical 
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studies have reported better motor outcome with various 
sensorimotor approaches, including repetitive intensive 
mobilization [5], forced use of the paretic limb or con-
straint-induced movement therapy [6], biofeedback [7], 
functional electrical stimulation [8], and transcranial mag-
netic stimulation [9]. (A comparative analysis of different 
therapeutic approaches can be found in Langhorne et al. 
[10].) The available scientific literature suggests that post-
stroke rehabilitation intervention is significantly more 
effective when it is delivered in the early phase of recov-
ery (<6 months). Evidence supports that better functional 
outcome is determined by rehabilitation that is initiated 
promptly [11] and based on intensive, especially multi-
sensory, stimulation [12–13]. This kind of stimulation is 
associated with increased adaptive plasticity of the brain 
in the early poststroke stages [14–17].

The use of robotic systems to complement standard 
poststroke multidisciplinary programs is a recent 
approach that looks very promising; robotic devices can 
provide high-intensity, repetitive, task-specific, interac-
tive treatment of the impaired limb (passive and/or active-
assisted exercises) and can objectively and reliably moni-
tor patients’ motor progress, measuring changes in move-
ment kinematics and forces [18–19]. It is appropriate to 
consider the robot as an advanced tool to be used under 
the therapist’s direction—a tool that can implement rela-
tively simple repetitive and labor-intensive therapies. 
Clinical decisions should be managed by the rehabilita-
tion team and, when appropriate, planned and executed 
on the robot; this approach should be part of an integrated 
set of tools that also includes simpler nonrobotic 
approaches [20–21].

In a recent Cochrane review, Mehrholz et al. showed 
that the use of electromechanical devices in rehabilitation 
may not significantly improve ADLs, although they did 
find evidence that upper-arm motor function and strength 
may improve [22]. Thus, the actual role of robot-assisted 
therapy in poststroke rehabilitation remains to be clari-
fied, and to date, no guidelines exist on how the design 
and use of such devices might increase their efficacy 
[23]. One domain to be explored is acute-phase robotic 
therapy. So far, many robotic devices have been designed 
to deliver arm therapy in individuals with stroke [24], but 
only a few of them—notably, the MIT-Manus [25–26], 
the Mirror Image Movement Enabler (MIME) [27–28], 
the Bi-Manu-Track [29], and the Neuro-Rehabilitation-
roBot (NeReBot) [30–32]—have been tested in at least 
one randomized controlled trial (RCT) on patients during 

the acute or subacute phases of their stroke.* The results 
of those studies show that early robotic training of the 
upper limb can improve ADLs significantly more than 
chronic-phase training [22]. This result, corroborated by 
the general finding that poststroke rehabilitation is more 
effective when delivered in the early phase of recovery, 
suggests that early robotic therapy should be further 
investigated.

The main facts and figures of the first RCTs on early 
robotic stroke rehabilitation are summarized in Table 1. 
The MIT-Manus is a 2 degree of freedom (DOF) robot 
that assists shoulder and elbow movement by guiding the 
patient’s hand in the horizontal plane [25–26]. A study in 
the subacute phase (starting in the fourth week after 
stroke on average) of 56 patients with moderate to severe 
poststroke hemiparesis investigated whether additional 
sensorimotor training enhanced motor outcome. The 
patients who received standard multidisciplinary post-
stroke rehabilitation and robotic training in addition to 
traditional therapy (at least 25 hours, 4–5 hours a week 
for 5 weeks) presented less impaired shoulder and elbow 
function and greater recovery of ADL functions than did 
patients who received no additional therapy [33].

The MIME [27–28] is a 6 DOF robotic arm devel-
oped for unilateral or bilateral shoulder and elbow treat-
ment. In one RCT [34], 24 subacute stroke subjects were 
trained with the MIME (1 hour a day for 4 weeks, start-
ing in the 11th week after stroke on average). In this 
study, the robot-assisted treatment (with bilateral, unilat-
eral, and combined bilateral and unilateral modalities) 
was compared with conventional therapy (six patients). 
The results showed that the combined unilateral and 
bilateral robotic training had advantages over conven-
tional therapy, producing larger improvements on a 
motor impairment scale and on a measure of abnormal 
synergies. However, gains in all treatment groups were 
equivalent at the 6-month follow-up.

The Bi-Manu-Track was designed specifically to train 
distal arm movements in bilateral passive and active 
mode through practice of elbow pronation and supination 

*One reason for this is that early intervention is more challenging than 
postacute and chronic-phase treatment, because acute patients are 
usually severely impaired and confined to a hospital bed, may lack 
sufficient postural control to be treated in an upright position, and 
may need emergency treatment [20]. Another point is that spontane-
ous recovery may be a confounding variable in acute and subacute 
clinical trials.
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as well as wrist flexion and extension in a mirror or paral-
lel fashion [29]. A multicenter study of this device 
included 44 severely affected subacute stroke patients 
[35] with an initial average Fugl-Meyer (FM) assessment 
between 7 and 8 (0–66, see Table 1) and no volitional 
activity of the wrist and finger extensors. For 6 weeks, 
starting in the fifth week after stroke on average, the ran-
domly assigned patients were trained either with the robot 
or with electrical stimulation of the paretic wrist exten-
sors. Over time, both groups significantly improved their 
upper-limb motor control and power; the between-group 
comparison revealed superior results in the robot-trained 
group both at the end of the study and at the 3-month 
follow-up. Interestingly, both the proximal (0–42) and 
distal (0–24) FM subscores improved evenly in the robot-
trained group, showing that treatment effect was general-

ized. The authors attributed the greater improvements in 
the robot-trained group to the greater number of repeti-
tions and the bilateral approach.

At the University of Padua in Italy, we designed and 
developed the NeReBot, a device for treatment of post-
stroke upper-limb impairments in the acute and subacute 
phases of rehabilitation [30–32]. In the first NeReBot 
trial [21], the additional training delivered by NeReBot 
consisted of 25 daily interventions (starting within the 
first week poststroke) divided into 2 sessions a day for a 
total training time of 4 hours a week for 5 weeks, 
whereas the control group (CG) received similar expo-
sure to the robot (two 30-minute sessions a week) except 
that the exercises were performed with the unimpaired 
limb. A comparison of the two groups revealed that at the 
end of training, the patients in the experimental group 

Table 1.
Acute- and subacute-phase randomized controlled trials on robotic therapy.

Characteristic Volpe et al., 2000 [1] Hesse et al., 2005 [2] Lum et al., 2006 [3] Masiero et al., 2007 [4]
Device Used MIT-Manus Bi-Manu-Track MIME NeReBot
Time Poststroke (EG/CG) 22 ± 5 d/  26 ± 1 d† 5 ± 1 wk/  5 ± 1 wk† 1–5 mo (11 wk average) <1 wk
Treatment Duration (wk) 5 6 4 5
Robotic Modality (Addition/Substitution) Addition Substitution Substitution Addition
Target of Robotic Training Proximal Distal Proximal Proximal
Type of Robotic Training

(Unilateral/Bilateral)
Unilateral Bilateral Mixed Unilateral

Type of Robotic Exercise Planar Fixed Point* 3-D 3-D
CG Therapy Placebo FES Conventional Conventional + Placebo
Sample Size (EG/CG) 30/26 22/22 24/6 17/18
Age, yr (EG/CG) 62 ± 2/  67 ± 2† 65 ± 12/  64 ± 12† 67/60 63 ± 11/  67 ± 12†

Etiology (ISCH/HEM) 49/7 40/4 Not Stated 35/0
Sex, F/M (EG; CG) 14/16; 12/14 12/10; 12/10 8/16; 2/4 7/10; 7/11
Disabled Limb, L/R (EG; CG) 17/13; 14/12 14/8; 11/11 11/13; 2/4 4/11; 5/10
FM at Baseline (EG/CG) 6.0 ± 2.5/ 5.0 ± 1.0† 7.9 ± 3.4/  7.3 ± 3.3† 29/26‡ 8.0 (4.7–18.2)/  6.0 (4.0–22.5)§

Outcome: Motor Function 0.68 (0.14, 1.22)¶ 1.20 (0.55, 1.85)¶ 0.24 (–0.66, 1.14)¶ 0.52 (–0.16, 1.19)¶

Outcome: ADLs** 1.67 (1.05, 2.29)¶ 0.35 (–0.25, 0.95)¶ –0.27 (–1.17, 0.62)¶ 0.77 (0.08, 1.46)¶

*Forearm prosupination and wrist flexion extension.
†Mean ± standard deviation.
‡Estimated mean values.
§Median (upper and lower quartiles).
¶Effect size (95% confidence interval).
**All studies used Functional Independence Measure as functional outcome measure except Hesse et al. [2], which used Barthel Index Score.
1. Volpe BT, Krebs HI, Hogan N, Edelstein L, Diels C, Aisen M. A novel approach to stroke rehabilitation: Robot-aided sensorimotor stimulation. Neurology. 

2000;54(10):1938–44. [PMID: 10822433]
2. Hesse S, Werner C, Pohl M, Rueckriem S, Mehrholz J, Lingnau ML. Computerized arm training improves the motor control of the severely affected arm after 

stroke: A single-blinded randomized trial in two centers. Stroke. 2005;36(9):1960–66. [PMID: 16109908]
DOI:10.1161/01.STR.0000177865.37334.ce

3. 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. [PMID: 17123204]
DOI:10.1682/JRRD.2005.02.0044

4. Masiero S, Celia A, Rosati G , Armani M. Robotic-assisted rehabilitation of the upper limb after acute stroke. Arch Phys Med Rehabil. 2007;88:142–49. [PMID: 17270510]
DOI:10.1016/j.apmr.2006.10.032

3-D = three-dimensional, ADLs = activities of daily living, CG = control group, EG = experimental group, F = female, FES = functional electrical stimulation, FM = 
Fugl-Meyer, HEM = hemorrhagic, ISCH = ischemic, L = left, M = male, MIME = Mirror Image Movement Enabler, NeReBot = Neuro-Rehabilitation-roBot, R = 
right.

http://www.ncbi.nlm.nih.gov/pubmed/10822433
http://www.ncbi.nlm.nih.gov/pubmed/16109908
http://dx.doi.org/10.1161/01.STR.0000177865.37334.ce
http://www.ncbi.nlm.nih.gov/pubmed/17123204
http://dx.doi.org/10.1682/JRRD.2005.02.0044
http://www.ncbi.nlm.nih.gov/pubmed/17270510
http://dx.doi.org/10.1016/j.apmr.2006.10.032
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(EG) had greater improvements in motor and functional 
recovery. At the 3-month poststroke follow-up, the EG 
continued to show significant improvements in motor 
and functional recovery compared with the patients in the 
CG , and after 8 months poststroke, the EG sustained the 
gains recorded during the first follow-up.

By analyzing the data reported in Table 1, one will 
notice that the studies that obtained the largest effect 
sizes on ADL measures are the two that used robotic 
intervention in addition rather than in substitution of con-
ventional upper-limb therapy [21,33]. Other common 
aspects of both studies are stroke severity (very small 
baseline FM scores), short time poststroke (<1 week and 
3 weeks on average), and the proximal and unilateral 
approach. A major difference is the type of exercises 
implemented: the MIT-Manus is a planar device, whereas 
the NeReBot has a three-dimensional (3-D) workspace.

In this new study, we tested the NeReBot in substitu-
tion of conventional (nonrobotic) proximal upper-limb 
exercise. Our working hypothesis was that in hemiparetic 
subacute stroke patients, NeReBot training could effica-
ciously support standard rehabilitation treatment by sub-
stituting the upper-limb portion of the conventional 
protocol, yielding comparatively similar results with 
respect to standard rehabilitation.

METHODS

Robotic Device: NeReBot
The NeReBot is a 3 DOF robotic device for upper 

limbs that can be easily used in the acute phase thanks to 
its portability and usability at bedside. The robot is based 
on direct-drive wire actuation: three actuated nylon 
cables are used to sustain and move the patient’s forearm, 
which is fastened onto a rigid splint (Figure). Compared 
with the devices characterized by a rigid structure, this 
solution provides many benefits, mainly: lower costs, 
reduced complexity (3-D trajectories can be exercised 
despite the limited number of actuators), high robot com-
pliance, and high reliability and safety [32]. The NeRe-
Bot can (1) help the patient perform spatial movements 
(flexion and extension, pronation and supination, adduc-
tion and abduction, circular) of shoulder and elbow, 
(2) be easily moved to the hospital room, and (3) be used 
to intervene on patients in not only the sitting but also the 
supine position. The Figure shows the NeReBot during 

an abduction-adduction exercise with a patient in the 
supine position.

The NeReBot can be programmed to perform repeti-
tive assistive movements of the proximal upper limb 
(shoulder and elbow), simulating a hand-over-hand ther-
apy with imperceptible differences in the patient’s sen-
sorimotor experience. Each exercise is recorded by 
manually moving the patient’s forearm along a set of 
waypoints chosen by the therapist (learning phase). At 
the end of this phase, the acquired positions are interpo-
lated to obtain a very comfortable 3-D motion of the 
patient’s upper limb (therapy phase). During the therapy 
phase, the therapist instructs the patient to anticipate the 
trajectory, producing an active contribution to the move-
ment of the limb. At the same time, the patient can expe-
rience voluntary movements in different directions with 

Figure.
Neuro-Rehabilitation-roBot (NeReBot) training with patient in supine 
position.
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respect to the preset trajectory (e.g., the horizontal direc-
tion during a shoulder abduction-adduction exercise). 
These movements are allowed by the robot, thanks to 
underactuation. In fact, only three cables are used to con-
trol the motion of a 5 DOF kinematic chain [30]. In this 
way, robot-patient interaction becomes highly compliant, 
giving the patient the very comfortable sensation of being 
guided through an assisted hand-over-hand therapy.

The NeReBot provides basic visual and auditory 
feedback to the patient. A beep signals the start and the 
end of each point-to-point portion of the exercise. Visual 
feedback consists of a static 3-D image of a virtual upper 
limb on which three arrows parallel to the cables show 
the desired direction of arm motion. Thanks to a recent 
upgrade, in the new trial a score proportional to the sub-
ject’s effort was provided to the subject,* both as a bar 
and a number displayed on the screen. In this way, we 
aimed to further motivate the patient to produce active 
motion during NeReBot training, since active movement 
training has far more beneficial effects on cortical reorga-
nization and treatment outcome than passive movements.

Population
Subacute subjects after a first, single ischemic or 

hemorrhagic cerebrovascular accident (within 20 days) 
with upper-limb impairment (hemiparesis or hemiplegia) 
were included in the study. The following inclusion crite-
ria were adopted: (1) diagnosis of recent single-sided 
stroke (ischemic or hemorrhagic) demonstrated by brain 
computerized axial tomography or nuclear magnetic res-
onance, (2) sufficient cognitive and language capacities 
to understand the operator’s instructions (Modified Mini-
Mental State Examination score >18) [36], (3) paralysis 
or paresis (Motor Power score between 8 and 12) with no 
ability for active movement against gravity or weak resis-
tance [33].† The following exclusion criteria were 
adopted for the study: (1) cardiovascular instability 
(severe, uncontrolled hypertension; severe coronary 
artery disease; etc.) or orthopedic or neurological condi-
tions; (2) multiple cerebrovascular lesions (usually result 
of many past ischemic episodes); (3) early appearance of 
marked spasticity (3 s Ashworth Scale) [37]; (4) upper-

limb joint pain or limitations to range of motion that 
would have limited the subject’s ability to complete the 
protocols; (5) severe neuropsychological impairment 
(global aphasia, severe attention deficit, or severe space 
inattention), because the patient needed to be able to fol-
low instructions; (6) age >85 years or <18 years.

This study was approved by the Ethics Committee 
for clinical trials of the Provincial Agency for Health Ser-
vices of Trento (Italy). Informed consent was obtained 
from all patients (21 subjects) and from one family mem-
ber before randomized assignment to the EG (n = 11) or 
the CG (n = 10). Randomization was achieved with use 
of a sequence of computer-generated random numbers.

Intervention
The study tested a protocol that used robots as an 

alternative to the standard treatment for 35 percent of the 
total daily treatment time. Both groups received a total 
daily treatment time of 120 minutes for 5 days a week for 
5 weeks. CG patients performed the conventional func-
tional rehabilitation for 80 minutes a day (including prop-
rioceptive exercises, functional reeducation, gait training, 
occupational therapy, and passive and active-assisted 
mobilization of the hand and wrist) but without specifi-
cally exercising the proximal paretic arm. The proximal 
paretic arm was exercised during a separate 40-minute 
session. For the EG , conventional treatment of the proxi-
mal paretic arm was substituted with NeReBot training 
for 40 minutes a day (divided into two 20-minute ses-
sions). Robotic training was administered under the 
supervision of a physiotherapist, who defined the exer-
cises (flexion and extension, adduction and abduction, 
pronation and supination, circular) according to the pro-
tocol, adapted cable velocities (range: 5–60 mm/s) to the 
specific exercise and the patient’s progress (to keep the 
exercises challenging) and, in agreement with the reha-
bilitation team, defined the treatment schedule weekly. 
The same therapist supervised the NeReBot training for 
all EG patients, whereas a different therapist delivered 
standard rehabilitation to all patients.

*Subject’s effort is estimated by subtraction of the sum of actual cable 
tensions (actual robot effort) from that recorded in the same point in 
the first repetition of the exercise, during which the subject was 
instructed to remain passive (maximum robot effort). The resulting 
value, once divided by the latter, is displayed as a percentage.

†Motor Power (maximum score = 20) measures strength in the proxi-
mal muscles of the arm, specifically grading shoulder flexors and 
abductors and elbow flexors and extensors on the standard 6-point 
scale in which 0/5 means no contraction, 1/5 trace contraction, 2/5 
active movement possible with gravity eliminated, 3/5 antigravity 
strength, 4/5 function reduced but adequate to overcome some resis-
tance, and 5/5 normal strength.
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All robot treatment sessions consisted of a sequence 
of motor tasks followed by a short resting phase. The 
patients were asked to perform five to seven exercise 
cycles lasting nearly 3 minutes each, followed by a 30– 
60-second resting period; each session lasted 20 minutes. 
They performed the movements slowly to avoid abnormal 
muscle activity that might cause pain or injury of the 
paretic muscles. At the start of each therapy session, the 
clinician examined arm impairment to investigate motor 
function recovery and pain or other complications; placed 
the patient’s forearm together with the wrist and hand in a 
neutral position in the splint; and identified the optimal 
path and rest positions for the patient within robot work-
space, related to the individual stage of recovery, to fully 
exploit the patient’s residual motor skills and provide spa-
tial stimulation. All patients sat on a chair/wheelchair* fit-
ted with seat belts to limit torso movements and prevent 
falling. Patients were instructed to actively contribute to 
the exercise according to the goal movements. During the 
robot therapy session, the therapist verbally encouraged 
the patient to increase effort while a score proportional to 
patient effort was displayed in the form of a bar and of a 
number on the screen. Treatment was completed in the 
same rehabilitation center for all the recruited subjects 
during hospitalization, and no patient underwent rehabili-
tative treatment during follow-up.

Measures
All patient assessments were performed by the same 

blinded clinician, who had previously attended a training 
course qualifying him or her to use the scales, was not 
directly involved in the delivery of either robot-aided or 
standard rehabilitation therapy within the study, and did 
not know which patients had been enrolled in the EG and 
the CG. Assessments included a number of clinical evalu-
ations immediately before treatment start (baseline), 
immediately posttreatment (5 weeks after treatment start), 
and 3 months after the end of treatment (follow-up).

The following internationally validated motor and 
functional rating scales were used:

1. Medical Research Council (MRC) [38]—Used to rate 
the strength of the paretic arm during five actions: 
shoulder abduction (MRC deltoid), elbow flexion 

(MRC biceps), elbow extension (MRC triceps), wrist 
flexion (MRC wrist flexors), and extension (MRC 
wrist extension).

2. FM assessment [39]—Used to measure motor impair-
ment of the upper limb; we considered the Shoulder, 
Elbow, and Coordination subsections (FM-SEC = 42/
66), the Wrist and Hand subsections (FM-WH = 24/
66), and the total FM score (FM-tot = 66/66).

3. Motor-Functional Independence Measure (m-FIM), a 
subsection of Functional Independence Measure [40–
41]—Used to measure improvements in basic motor 
ADLs and degree of self-care. The m-FIM may not be 
a good measure of upper-limb function or ability; how-
ever, we included it in the protocol to allow compari-
son with other studies.

4. Modified Ashworth scale (MAS) [37]—Used to test 
for hypertonia in several upper-limb joints. A higher 
score on the MAS indicates higher tone, so a lower 
score indicates lower, abnormal tone.

5. Frenchay Arm Test (FAT) [42]—Used to evaluate five 
ADLs; reflects both hand and arm functions.

6. Box and Block Test of manual dexterity [43]—Used to 
assess upper-limb disability.

7. Tolerability of treatment—Evaluated by noting the 
number of medical complications in the two groups 
(shoulder-hand syndrome, shoulder pains) and the 
degree of acceptance of the robotic training rated on a 
visual analog scale (0 = poor acceptance and 10 = 
maximum acceptance).

Statistical Approaches 
The baseline characteristics of patients in the CG and 

EG were compared by chi-square tests (nominal data) or 
unpaired t-tests for independent samples (continuous 
data). Before-after training improvements in each group 
were tested for statistical significance through Wilcoxon 
matched-pairs test after the end of rehabilitation therapy 
and at the 3-month follow-up. The Mann-Whitney U-test 
was used to identify significant differences between the 
two groups in average gains in scores on motor impair-
ment (FM-SEC, FM-WH, FM-tot, MRC) and functional 
disability (m-FIM, FAT, Box and Block, MAS). Statisti-
cal significance was set at p  0.05. The statistics were 
processed using SPSS version 17.0 (SPSS, Inc; Chicago, 
Illinois).

*The use of the NeReBot at bedside is recommended in the very first days 
after stroke. In this study, patients started NeReBot training 10 days 
poststroke on average and all could be treated in the sitting position.
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RESULTS

Demographic characteristics and baseline motor and 
functional assessments of the 21 subjects enrolled are 
showed in Table 2. The EG (n = 11) and CG (n = 10) 
were comparable with respect to age, sex, side of stroke, 
and type of stroke at rehabilitation admission. NeReBot 
training of EG patients started on average 10.1 days after 
stroke (range = 4–15). The results at the end of rehabilita-
tion treatment and at the 3-month follow-up are summa-
rized in Table 3. Before-after training improvements in 
motor and functional scales within each group were all 
statistically significant at the end of robot therapy. Most 
of the gains at follow-up were statistically significant as 
well, especially in the EG. In both groups, all or most 
muscles tested were stronger at the end of therapy and at 
follow-up (MRC results), motor impairment and abnor-
mal hypertonia were reduced (FM and MAS results), and 
basic ADLs and dexterity were improved (m-FIM, FA-T, 
and Box and Block Test results). The between-group 
comparison revealed no significant difference between 

EG and CG improvements at the end of robot therapy and 
at follow-up, with almost all the p-values considerably 
greater than 0.05.*

No differences were found between the two groups in 
terms of joint- or tendon-related pain in the shoulder, 
wrist, or hand or any other complications, including 
shoulder-hand syndrome. Only one CG patient developed 
a complication (shoulder-joint pain) but it did not influ-
ence performance of the rehabilitation program. The 
questionnaire administered to the EG patients at the end 
of robot therapy showed that this form of intervention 
was well accepted and tolerated by the patients (mean 
score = 8.1/10), as already reported by the first study. All 
patients in the EG were in favor of including NeReBot 
training in the poststroke rehabilitation program.

*Only MRC wrist flexor at the end of therapy was significantly higher 
in the CG. However, this result did not persist at the 3-month follow-
up. FA-T at the 3-month follow-up was also close to significance.

Table 2.
Patients’ demographic and clinical characteristics at baseline.

Characteristic
EG

(n = 11)
CG

(n = 10)
p-Value

Age (yr)* 72.4 ± 7.1 75.5 ± 4.8 0.48
Sex (M/F)† 9/2 7/3 1.00
Stroke Side (R/L)† 9/2 8/2 1.00
Stroke Type (ISCH/HEM)† 9/2 9/1 1.00
Time Between Stroke and Treatment Start (d)* 10.1 ± 4.5 12.5 ± 5.2 0.30
MRC Deltoid‡ 3.0 (2.2–4.0) 3.0 (0.0–4.0) 0.44
MRC Biceps‡ 3.0 (2.2–4.0) 3.0 (2.0–4.0) 0.78
MRC Triceps‡ 3.0 (2.0–4.0) 3.0 (2.0–3.7) 0.44
MRC Wrist Flexor‡ 3.0 (0.2–4.0) 3.0 (0.5–3.7) 0.71
MRC Wrist Extensor‡ 3.0 (2.2–3.7) 3.0 (0.5–4.0) 0.81
FM-SEC‡ 22.0 (15.2–28.5) 22.5 (4.5–27.5) 0.59
FM-WH‡ 10.5 (4.2–16.5) 7.0 (0.0–11.5) 0.23
FM-tot‡ 30.5 (22.2–43.5) 30.0 (4.5–39.2) 0.37
m-FIM‡ 40.0 (29.7–64.7) 35.5 (28.2–45.5) 0.43
Box and Block Test‡ 12.5 (2.0–16.0) 8.5 (0–15.5) 0.64
FA-T‡ 3.0 (0.2–3.7) 1.5 (0.0–4.7) 0.90
MAS‡ 0.0 (0.0–0.2) 0.0 (0.0–0.3) 0.22
*Mean ± standard deviation.
†No. 
‡Median (upper and lower quartiles).
CG = control group, EG = experimental group, F = female, FA-T = Frenchay Arm Test, FM = Fugl-Meyer, FM-SEC = FM Shoulder, Elbow, and Coordination sub-
sections, FM-tot = total FM score, FM-WH = FM Wrist and Hand subsections, HEM = hemorrhagic, ISCH = ischemic, L = left, M = male, MAS = Modified Ash-
worth Scale, m-FIM = motor-Functional Independence Measure, MRC = Medical Research Council, R = right.
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To allow comparison with the studies in Table 1, we 
calculated the following effect sizes (with 95% confi-
dence interval in parentheses) at the end of treatment: 
FM-tot = –0.18 (–1.03, 0.68), m-FIM = –0.53 (–1.40, 
0.34), FA-T = 0.71 (–0.17, 1.59) and Box and Block = 
0.47 (–0.40, 1.33).

DISCUSSION

Our results show that on both motor and functional 
scales, EG patients presented gains comparable to those 
of CG patients at the end of robot therapy, indicating a 
substantial equivalence between treatment groups. FM-
WH and m-FIM changes were noticeably more pro-
nounced in the CG. This result may be explained by the 
fact that the EG had higher baseline scores in both meas-
ures. Also, as to the FM-WH, one should consider that 
the NeReBot exercises the proximal upper limb only.*

On the other hand, Box and Block and FA-T changes 
were more pronounced in the EG.

Another interesting point is that the improvements, 
which were clinically relevant, persisted at follow-up in 
both groups. Moreover, since gains in motor function 

have not always been reported to bring significant 
improvements in the performance of basic self-care 
activities [40], these results are interesting because both 
groups showed gains in the functional scales. Gains in 
functional scales must be interpreted very carefully, 
because they may be the result of compensation rather 
than recovery. However, while reading functional scores, 
one should keep in mind that compensation strategies are 
more likely to be taught in standard rehabilitation pro-
grams [44] than in robotic training.

If we compare the results with those of our previous 
NeReBot study [21], the primary ADL measure (m-FIM) 
indicates that additional training is more efficacious than 
substitution with our device. The other functional scales 
used in this new study would draw a different result; how-
ever, they were not used in the first study. Also, we must 
remind readers that in the new study, the average gains in 
all scales did not significantly differ in the EG and CG , 
suggesting that poststroke patients exposed to early stim-
ulation with NeReBot in substitution of standard proxi-
mal upper-limb mobilization achieve comparatively 
similar reductions in motor impairment and enhance-
ments in the ability to perform ADLs. This result is con-
sistent with the findings of the subacute-phase MIME 
study by Lum et al. [34], which compared three different 
robotic protocols with one conventional rehabilitation 
protocol, all sharing the same duration and intensity of 
treatment. The study showed a substantial equivalence of 

Table 3.
Average gains in scores (mean ± standard deviation) at end of robot therapy and 3-month follow-up, and comparison between experimental group 
(EG) and control group (CG) gains (Mann-Whitney U-test p-values). Before-after training gains in each group were tested for statistical 
significance. Wilcoxon matched-pairs test yielded statistical significance (p < 0.05) for all gains except those marked with asterisk (p < 0.09).

Evaluation
End Robot Therapy 3-Month Follow-Up

EG (n = 11) CG (n = 10) p-Value EG (n = 11) CG (n = 10) p-Value
MRC Deltoid 0.58 ± 0.90 1.87 ± 1.10 0.08 1.00 ± 0.80 1.50 ± 1.70* 0.82
MRC Biceps 0.75 ± 0.60 1.12 ± 0.60 0.20 1.00 ± 0.80 1.00 ± 0.80* 1.00
MRC Triceps 0.85 ± 0.50 1.25 ± 0.40 0.10 1.00 ± 0.80 1.25 ± 0.50 0.64
MRC Wrist Flexor 0.83 ± 0.50 1.70 ± 1.10 0.04 1.66 ± 1.20* 1.25 ± 1.20* 0.69
MRC Wrist Extensor 0.83 ± 0.70 1.75 ± 1.40 0.16 1.50 ± 1.30* 1.00 ± 0.80* 0.65
FM-SEC 7.33 ± 4.70 7.37 ± 7.30 0.91 7.16 ± 4.40 7.21 ± 6.10* 0.91
FM-WH 4.83 ± 4.70 6.50 ± 3.60 0.33 5.33 ± 5.90 7.00 ± 1.10 0.51
FM-tot 12.16 ± 8.30 13.87 ± 10.20 0.76 12.50 ± 8.90 14.21 ± 7.10 0.59
m-FIM 18.75 ± 9.30 24.52 ± 11.40 0.47 28.66 ± 8.40 34.50 ± 15.40 0.61
Box and Block Test 12.33 ± 7.00 9.30 ± 5.30 0.24 17.32 ± 16.10 15.20 ± 9.80 0.83
FA-T 1.83 ± 1.40 1.00 ± 0.70 0.23 1.83 ± 1.40 0.25 ± 0.50* 0.058
MAS 0.83 ± 0.28 0.50 ± 0.70 0.11 0.55 ± 0.80 0.75 ± 1.20* 1.00
FA-T = Frenchay Arm Test, FM = Fugl-Meyer, FM-SEC = FM Shoulder, Elbow, and Coordination subsections, FM-tot = total FM score, FM-WH = FM Wrist and 
Hand subsections, MAS = Modified Ashworth scale, m-FIM = motor Functional Independence Measure, MRC = Medical Research Council.

*Future studies will investigate whether adding a wrist/hand module 
to the robot will lead to greater gains.
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motor and functional gains in robot patients (as pooled in 
one group by Mehrholz et al. [22]) with respect to the CG. 
The same applies to ADL improvement for the acute-
phase trial of Bi-Manu-Track [35]. In this study, even 
though comparatively higher gains in motor function and 
motor strength were achieved in the robot group with 
respect to control patients, a substantially neutral effect 
size was obtained in terms of ADLs at the end of inter-
vention [22]. It is worth noting that the three RCTs used 
different robotic systems, targeted different segments of 
the upper limb, and implemented different treatment 
modalities (unilateral, bilateral, mixed).

The potential equivalence of robotic and traditional 
interventions is suggested also by a recent study by 
Reinkensmeyer et al. [45], who used robotic treatment in 
substitution of unassisted movement training of the 
paretic upper limb in a chronic-phase setting. In this 
work, a computational model of motor plasticity in 
chronic stroke patients is presented (based on experimen-
tal evidence) that predicts an exponential-like motor 
recovery driven by practice, regardless of range or speed 
of the practiced movement, suggesting that robotic and 
nonrobotic techniques can result in similar improvement 
in movement ability after stroke. The same premise is 
supported by a recent multicenter RCT by Hesse et al. 
[44], who used robotic training of the upper limb with a 
mechanical arm trainer as an alternative to electrical 
stimulation of the paretic wrist extensors in subacute 
stroke patients. In this study, no statistically significant 
difference between groups was found in the primary out-
come (FM scale); i.e., the mechanical arm trainer was not 
superior to the electrical stimulation on the impairment 
level despite a much higher repetition rate, more DOFs, 
and a bilateral approach. The authors hypothesized that 
this unexpected result may have been due to the different 
limb segment exercised in the two groups.

On the basis of the fact that different types of robotic 
training do not result in improved gains when used in 
substitution of nonrobotic rehabilitation techniques, one 
could also argue that the kind of therapy or robotics used 
does not matter: the fact that exercise practice occurs is 
the main determinant of treatment outcome. On the other 
hand, the hypothesis that early intensive exercise may 
have more effect on patient recovery than chronic-phase 
training is supported by a wide literature on nonrobotic 
rehabilitation techniques [46] and by the cited computa-
tional model by Reinkensmeyer et al. [45] that suggests 
that the differential effect on limb strength of a dose of 

movement practice will be greater earlier in recovery, 
because the learning curve is exponential-like. This find-
ing is confirmed by the two acute- and subacute-phase 
studies that used robotic training in addition to conven-
tional therapy or in comparison with placebo (one involv-
ing the MIT-Manus [33], the other the NeReBot [21]) and 
revealed that additional robotic treatment in the acute and 
subacute phases leads to comparatively higher improve-
ments in ADLs [22]. Conversely, at least one study on 
additional robotic training in the chronic phase reported 
that gains in ADL measures were not greater in the 
robotic group with respect to controls [47].

CONCLUSIONS

In this article, we presented the results of an RCT in 
which robotic therapy was used in partial substitution of 
conventional upper-limb rehabilitation of acute stroke 
patients. By comparing these results with those of previ-
ous studies, we can summarize that robot-assisted reha-
bilitation of the upper limb in the acute and subacute 
phases may be successfully used (1) in substitution of 
conventional mobilization of the upper limb, because it 
can be at least as effective as conventional therapy, and 
(2) in addition to nonrobotic techniques. This second 
approach, in a limited number of trials, proved to be more 
effective when improved ADLs was the aim. Based on 
this premise, we hypothesize that an optimal robotic 
training protocol for acute and subacute stroke patients 
would be divided in two stages: initial additional robotic 
training (first stage) followed by substitution of part of 
the conventional therapy with the robotic exercise (sec-
ond stage). In this way, the amount of treatment would be 
increased in the stage of recovery where improvements 
are likely to be greater. For such a protocol to be feasible 
without the need for increasing manpower in the rehabili-
tation facility, a proper robotic tool requiring only partial 
supervision during the execution of the exercises should 
be used, at least in the second stage. The time schedule of 
the protocol should then be adjusted to maximize the 
duration and intensity of the first stage of robotic treat-
ment. With our device, for instance, almost one-to-one 
supervision is preferable in the first week of treatment, 
whereas two to three robots can be managed by a single 
therapist in the same treatment room by the second or 
third week.
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Another important point is that the robot has to be 
operated in the hospital ward, and possibly at bedside, to 
allow for very early intensification of the rehabilitation 
treatment. Moreover, a robot used in early functional 
poststroke training should, in terms of arm motion, per-
form exercises that promote more natural movements 
[48]. For example, a 3-D trajectory would be a desirable 
feature, because it promotes a large number of functional 
movements in different directions in space. Finally, a 
robotic system for acute-phase rehabilitation, while 
assisting the patient’s movements, should guarantee a 
highly compliant interaction to facilitate voluntary 
motion and preserve the causal relationship between 
motor command and resulting arm motion, even when 
robotic assistance is provided. Our approach with the 
NeReBot can be considered very close to this philosophy, 
and our future research will aim to clarify whether a suit-
able mix of substitutive and additional robotic training in 
the early stage of recovery may lead to a favorable trade-
off between the needs for improved outcome and reduced 
treatment and personnel costs [49].
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