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Abstract.

BACKGROUND: Many authors have emphasized the need for individualized treatments in rehabilitation, but no tailored
robotic rehabilitation protocol for stroke patients has been established yet.

OBJECTIVE: To evaluate the effectiveness of a robot-mediated upper limb rehabilitation protocol based on clinical
assessment for customized treatment of stroke patients.

METHODS: Clinical data from 81 patients with subacute stroke, undergoing an upper limb robot-mediated rehabilitation,
were analyzed retrospectively. 49 patients were treated using a customized robotic protocol (experimental group, EG) based
on a clinically guided flowchart, while 32 were treated without it (control group, CG). Fugl-Meyer Assessment for Upper
Extremity (FMA-UE), Motricity Index (MI), modified Barthel Index (mBI) and Numerical Rating Scale (NRS) measured
before (TO) and after (T1) rehabilitation intervention were used as clinical outcomes.

RESULTS: There was statistically significant improvement in both groups in terms of FMA-UE, MI, and mBI, while no
change in NRS. Intergroup analysis showed significantly greater improvement of the FMA-UE (P =0.002) and MI (P <0.001)
in the EG, compared with the CG.

CONCLUSION: The implementation of our robotic protocol for customized treatment of stroke patients yielded greater
recovery in upper limb motor function and strength over robotic treatment without a defined protocol.
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1. Introduction

According to the World Health Organization,
stroke is the first cause of disability and the sec-
ond leading cause of death worldwide (Truelsen et
al., 2006). The most frequent consequences of a
stroke are deficits in the limbs that are contralat-
eral to the brain hemisphere damaged by the stroke
(Poli et al., 2013). Injury to the brain’s motor centers
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can cause, especially in the upper limb (UL), neu-
rological dysfunctions affecting strength, movement,
sensory perception, and sensory-motor integration,
resulting in decreased autonomy and a severe decline
in quality of life (Nakayama et al., 1994). This
UL disability makes it difficult for patients to per-
form basic daily duties such as eating, bathing, and
dressing themselves (Prange et al., 2006; World
Health Organization, 2007). In this context, promot-
ing rehabilitation brings benefits in terms of motor
and functional recovery, cognitive and psychological
improvement, independence and early reintegration
into social and domestic life.
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Over the past decade, the use of robotic devices
for the treatment of UL has taken on an important
role in the field of neuro-rehabilitation (Mehrholz
et al., 2015; Sivan et al., 2011). It is widely recog-
nized that incorporating robot-assisted therapy into
stroke rehabilitation plans is a beneficial supple-
ment to conventional treatment. This addition aims to
enhance therapy quantity and intensity, thereby fos-
tering brain plasticity through complex yet controlled
multisensory stimulation, while also standardizing
treatment (Gueye et al., 2021). Another crucial aspect
is the possibility offered by robotic devices to guar-
antee the execution of a “tailor-made” exercise for
patients, by modulating various aspects of motor per-
formance such as strength, speed and smoothness
of gesture, level of assistance, resistance and range
of motion. Nonetheless, very few studies described
patient-specific indications to be implemented in the
therapeutic choice of robotic program to guarantee
better results (Bowen et al., 2016; Hebert et al., 2016;
Winstein et al., 2016). None of them outlined (and
proved the effectiveness of) a detailed protocol to
implement in the clinical setting for robotic reha-
bilitation of the UL after stroke. Indeed, Morone
et al. (2021), shedding light on the current state of
evidence-based rehabilitation practices, emphasized
a limitation in the practical applicability of the guide-
lines so far proposed. This is mainly ascribable to
the wide variety of devices and systems employed
and the different organizational models of rehabil-
itation facilities (Morone et al., 2020, 2021). The
consequence is that there is still no agreement on
the subjects’ specific characteristics that could ben-
efit from robotic intervention (Calabro et al., 2021;
Morone et al., 2021).

This gap in literature leaves healthcare practi-
tioners with limited information on how to provide
and optimize robotic rehabilitation, hindering the
implementation of standardized treatment strategies
(Basteris et al., 2014). Indeed, physical therapists,
once trained, choose the robots’ exergames in a
subjective and unstructured manner. Therefore, a sys-
tematic reporting of the types of exercises, the choice
of the robotic parameters and the rationale used for
this selection is needed.

Considering the aforementioned, at our rehabilita-
tion center, equipped with a set of four robotic and
technological devices for UL treatment (Aprile et
al., 2019), we developed a tailored robotic treatment
protocol taking into account patients’ clinical char-
acteristics. This protocol assists physical therapists
in choosing the most suitable rehabilitation options

from the available set, ensuring a personalized inter-
vention.

Therefore, the objective of our study was to
retrospectively assess the clinical outcomes of a
UL robotic rehabilitation pathway that incorporates
these four robotic devices, comparing the results
obtained with and without the implementation of
the personalized robotic treatment protocol based on
patients’ clinical characteristics. By providing practi-
cal therapeutic indications for the selection of specific
parameters of robotic treatment, we aimed to provide
evidence to build structured protocols for UL rehabil-
itation after stroke, customized to the single patient’s
profile.

2. Methods
2.1. Study design

We retrospectively analyzed clinical data of
patients with sub-acute stroke admitted to our inpa-
tient rehabilitation facility between May 2015 and
March 2018. The study was conducted in accordance
with the Declaration of Helsinki, and retrospectively
approved by the Ethics Committee “Comitato Etico
Lazio 17 (protocol number 1334/CE Lazio 1, 5
November 2020).

The clinical data analyzed here were collected
on patients undergoing an UL robotic rehabilita-
tion intervention, using a set of four robotic devices,
provided with two different approaches: with and
without the use of a flowchart aimed at providing a
structured, customized robotic rehabilitation protocol
(described below).

2.2. Robotic setting

A study conducted at our rehabilitation center
(Aprileetal.,2019) had identified a group of four spe-
cific devices for the overall UL treatment, arranged
in accordance with a new organizational model (the
RobotAREA). The RobotAREA is outfitted with two
robots (MOTORE, Humanware, Italy, and Amadeo,
Tyromotion, Austria), one electromechanical device
(Diego, Tyromotion, Austria), and one sensor-based
device (Pablo, Tyromotion, Austria). MOTORE is a
planar robotic device used for elbow and scapulo-
humeral joint recovery. Amadeo is an end-effector
device specifically designed for the sensorimotor
recovery of the hand, fingers, and thumb. Diego is
an electromechanical device used for unilateral or
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bilateral UL rehabilitation that provides arm grav-
ity compensation. Pablo is a sensor-based device
enabling UL rehabilitation through 3D movements
of the upper body, arm, hand, and finger joints.

More details on the devices are reported in the
Appendix.

2.3. Participants

In the analysis we included patients with UL
impairment caused by an ischemic or hemorrhagic
stroke who were admitted to our rehabilitation facil-
ity. We included subjects: (a) with a first event;
(b) with age ranging from 18 to 85 years; (c) who
performed between 25 and 30 UL robotic rehabil-
itation sessions; (d) for whom clinical outcomes
before and after the intervention were available. We
excluded chronic patients (i.e., time since the event
is longer than 6 months). Subjects underwent 30 ses-
sions of neurorehabilitation, lasting 45 min each, six
times/week, focused on a UL robotic treatment using
the set described above. In addition, patients per-
formed daily conventional treatment aimed at trunk
control, balance, and gait recovery.

2.4. Clinical assessment

According to the evaluation protocol usually
employed for patients with stroke in our facility,
patients were clinically evaluated at baseline (T0) and
at the end of the treatment (T'1) using the Fugl-Meyer
Assessment for Upper Extremity (FMA-UE) (Fugl-
Meyer et al., 1975), the upper extremity Motricity
Index (MI) (Bohannon, 1999), the modified Barthel
Index (mBI) (Shah et al., 1989), and the Numerical
Rating Scale of Pain (NRS) (Downie et al., 1978).
The FMA-UE motor function domain consists of 22
items, producing an overall score that ranges from 0
(worst, complete flaccid paralysis) to 66 (best, normal
function) (Woytowicz et al., 2017). This scale eval-
uates the severity of UL motor impairment. The MI
specifically measures hand grasp, elbow flexion, and
shoulder abduction (each scored 0-33, to a maximum
possible total score of 100), and it is a reliable tool for
assessing the strength of the paretic upper extremity
after stroke. The mBI is a 10-item measure of physi-
cal disability used widely to assess behavior relating
to activities of daily living, with scores ranging from
0 to 100. The NRS, an 11-point (0—10) numerical
rating scale, measures the pain level perceived by the
patient.

2.5. Customized robot-mediated protocol
development

The RobotAREA described above was avail-
able to a team of selected physical therapists
who had received technical training on the robotic
devices from the respective manufacturers. However,
this training did not include a practical declina-
tion of those instructions concerning the patients’
symptomatic pictures, in terms of the exergame’s
parameters choice.

In a first stage, physical therapists selected these
parameters in an unstructured and subjective manner.
We will refer to patients treated with this approach
as Control Group (CG). During this initial stage, the
team used its clinical expertise to identify four main
clinical characteristics, or domains, outlining the UL
patient’s condition, relevant to the therapeutic goal.
These characteristics, selected from the International
Classification of Functioning, Disability and Health
(ICF) core set of categories of body functions for
stroke (Geyh et al., 2004), were the range of motion
(ROM), the strength, the spasticity, and the pain of
the UL, and represent critical features.

In a second stage, by observing patients’ neuromo-
tor responses to the daily treatment, the parameters
of the four devices were gradually adjusted to the
single patient’s progressive condition with an empir-
ical method. The process specifically consisted in:
i) daily clinical observation of each single subject
to determine the critical domains that needed to be
treated, ii) selection of the robot to use based on the
patient’s current status concerning the four domains,
iii) selection of exergame based on the therapeutic
goal associated to the chosen clinical characteristic,
iv) selection of the game’s parameters, and v) final
clinical re-observation after treatment. The selection
of the exergames’ parameters is based on the follow-
ing principles.

e For pain: in contrast to pain fear and disuse syn-
drome (Leeuw et al., 2007), we encourage UL
mobility by selecting reduced ROM movement
with weight relief, avoiding strenuous exercises;

e Forstrength: considering the lower maximal vol-
untary force of the affected UL, we concentrated
on adjusting the mode of assistance and the type
of muscle tone control, without exacerbating
pain or tone (Harris & Eng, 2010; Pollock et
al., 2014);

e For ROM: given the negative correlation
between ROM and pain (Anwer et al., 2018),
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we opted for adequate positioning and isomet-
ric/isotonic exercises, concerning the maximum
tolerated joint excursion (Green et al., 2003);

e For spasticity: we adhered to appropriate
UL positioning, passive mode exercises, and
reduced ROM (Trompetto et al., 2014), without
causing pain (Truini et al., 2013), as spasticity
is a length- and speed-dependent phenomenon
(Kamper et al., 2001; Lance, J.W., 1980).

This process of progressive empirical optimization
of the robotic treatment, illustrated in Fig. 1, led to
the creation of four flowcharts, one for each device of
the RobotAREA. Based on the four clinical domains
previously mentioned, these flowcharts indicated the
optimal combination of robot parameters. The selec-
tion of parameters is based on the principles reported
in the Appendix.

The therapists chose which principles to apply
based on the presence of one or more primary aspects
to be treated. Using these flowcharts as a guide, a
structured rehabilitation protocol was created and tai-
lored to each patient’s specific needs. This protocol
was employed on a second group of patients, referred
to as Experimental Group (EG). More details about
the robotic treatment protocols are reported in the
Appendix.

2.6. Statistical analyses

Statistical analyses on the data collected from the
sample described above were performed using a com-
mercial statistical software (SPSS version 28, IBM,
New York). Given the non-normality of the data dis-
tribution resulting from the Shapiro-Wilk test, we
employed non-parametric statistical tests. First, for
an intragroup analysis, we used the non-parametric
Wilcoxon test to compare the data collected at TO to
those at T1 separately for the CG and the EG, i.e.,
to identify significant changes in outcome measures
between the baseline and the end of the treatment
in each group. Then, for an intergroup analysis, we
used the non-parametric Mann-Whitney test to com-
pare these changes from baseline (T1-T0) between
the two groups. The statistical level of significance
has been set to e <0.05 for all statistical tests.

3. RESULTS
3.1. Sample

According to the inclusion criteria reported above,
data from 81 patients were included in the analysis:

32 patients belonging to the CG (without implemen-
tation of the customized protocol) and 49 belonging
to the EG (with implementation of the customized
protocol). Demographics and clinical characteris-
tics of the sample in the two analyzed groups are
reported in Table 1 using descriptive statistics, with
numerical data expressed as the mean (SD) or cases
(percentages). P values reported in the table refer
to Mann-Whitney U tests and Fisher Exact tests,
respectively for mean and cases. The two groups
were comparable in terms of age, sex, time since
stroke (days), affected side, and type of stroke, while
the time since stroke and the mBI were higher
in the CG.

3.2. Intragroup analysis

Intragroup analysis showed significant improve-
ment after treatment in both groups in the FMA-UE
(CG: P<0.001; EG: P<0.001), in the MI (CG:
P=0.002; EG: P<0.001) and in the mBI (CG:
P <0.001; EG: P<0.001). There was no evidence of
changes in the NRS (CG: P=0.733; EG: P=0.806).
Figure 2 shows the mean values and standard devia-
tions in the investigated outcome measures at TO and
T1 for the CG and the EG.

Table 2 reports the changes from baseline of the
chosen outcome measures (AFMA-UE, AMI, AmBI
and ANRS) for the two groups. N=12 patients
(37.5%) in the CG, and n =36 patients (73.5%) in the
EG exceeded the cutoff of 5 in the FMA-UE mea-
sure considered as the minimal clinically important
difference (MCID) for improvement.

3.3. Intergroup analysis

Considering the outcome measures that showed
significant improvements with rehabilitation in both
groups, namely the FMA-UE, the MI, and the
mBI, we analyzed the intergroup differences of
the changes from baseline in these measures. This
analysis showed a statistically significant difference
in AFMA-UE (P=0.002) and AMI (P<0.001),
indicative of a greater recovery in motor function
and UL strength in the EG with the implemen-
tation of the customized protocol, compared with
the CG without this implementation. There was
no significant intergroup difference in the AmBIL
Figure 3 shows the changes from baseline of the
FMA-UE, the MI, and the mBI between the two
groups.
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Fig. 1. Diagram of study design. Representation of the strategic phases of the work. In the initial phase, the first cohort of stroke patients underwent a 30-session robotic treatment without
any defined, structured protocol. An intermediate phase consisted of protocol development based on an empirical method, starting from a daily evaluation of individual patients (within a new,
intermediate group of patients) before and after treatment, and progressing to the construction of flowcharts with practical indications about parameter selection for each robot. Each intermediate
evaluation helped to update therapists’ deductions regarding the optimal parameter selection. Treatment was tailored to the specific patient’s condition and was based on the evaluation of his/her
ICF domains, namely range of motion, strength, spasticity, and pain. Finally, a new cohort of patients underwent a robotic treatment based on the implemented protocol. Data from the first (control)
and the last (experimental) group of patients were included in our retrospective analysis. See the text for more details.
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Table 1

Demographics and clinical characteristics of the sample in the

two analyzed groups. Data are mean (SD) or n (%)

Control Experimental P

Group Group

(N=32) (N=49)
Age (years) 65.9 (10.3) 64.8 (11.6)  0.698
Sex
Man 24 (75%) 29 (59%) 0.110
Woman 8 (25%) 20 (41%)
Time since stroke (days)  113.5(41.2) 92.6 (41.6)  0.025
Affected side
Right 14 (44%) 24 (49%) 0.408
Left 18 (56%) 25 (51%)
Type of stroke 0.525
ischemic 19 (59%) 30 (61%)
haemorrhagic 13 (41%) 19 (39%)
Fugl Meyer Assessment 20.3 (19.3) 25.2(15.8)  0.022
Motricity Index 40.0 (22.7) 39.8(26.2)  0.907
Barthel Index 44.8 (21.4) 35.7(22.0)  0.041
NRS 3.1(3.0) 3.8(3.4) 0.303
Modified Ashworth Scale
Shoulder 0.5 (0.7) 0.3 (0.6) 0.107
Elbow 1.0 (0.8) 0.7 (0.9) 0.059
wrist 0.9 (0.9) 0.6 (0.8) 0.249
DISCUSSION

This retrospective study aimed to compare the
effects of a robotic rehabilitation pathway, using a set
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Table 2
Mean deltas of improvement (i.e., changes from baseline) in the
measures of the Fugl-Meyer Assessment for Upper Extremity
(FMA-UE), the Motricity Index (MI), the Numerical Rating
Scale of Pain (NRS), and the modified Barthel Index (mBI) in the

two groups
Control Group Experimental Group
(n=32) (n=49)

Mean (SD) Mean (SD)
AFMA-UE 4.75 (6.11) 8.16 (5.76)
AMI 4.88 (8.54) 12.74 (11.46)
AmBI 16.0 (12.83) 22.06 (16.03)
ANRS —-0.06 (2.58) —-0.08 (3.24)

of four robotic devices, with and without the imple-
mentation of a structured, customized UL robotic
treatment protocol based on clinical characteristics.
The protocol was built on clinical evidence gained
through therapists’ expertise and recommended the
ideal combination of robot exergame’s parameters for
each current patient’s condition. Our results demon-
strate that this implementation, allowing the type and
mode of intervention to be defined in a “tailor-made”
fashion, provides an overall better recovery in the
UL motor function compared with robotic treatment
without structured protocols.
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Fig. 2. Mean values and standard deviations of the measures of the Fugl-Meyer Assessment for Upper Extremity (FMA-UE), the Motricity
Index (MI), the Numerical Rating Scale of Pain (NRS), and the modified Barthel Index (mBI) in the two groups (CG in red, EG in green). P
values, referring to statistically significant values of the mean change from baseline (T1-T0) in each group, are reported in asterisks notation:
*P<0.05; **P<0.01, **P<0.001.
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Fig. 3. Changes from baseline obtained in the Fugl-Meyer Assess-
ment for Upper Extremity (AFMA-UE), in the Motricity Index
(AMI), and in the modified Barthel Index (AmBI) in the two
groups (CG in red, EG in green). P values, referring to statistically
significant values of the intergroup differences of change from
baseline, are reported in asterisks notation: *P <0.05; **P<0.01,
**P<0.001.

As expected, our intragroup analysis showed sig-
nificant improvements in both groups in terms of UL
motor function (FMA-UE), strength (MI), and abil-
ity to perform activities of daily living (mBI). These
results are coherent with recent literature (Aprile
et al., 2020; Bertani et al., 2017; Mehrholz et al.,
2015) showing that the use of robotic devices has
a positive impact on stroke patients’ recovery of
arm function. In addition, Mehrholz et al. (2020)
underlined the fact that variables like stroke sever-
ity and time since acute event do not influence the
effects of employing robotic devices for UL rehabil-
itation. Despite variations in specific methodologies,
the consistent outcomes across studies emphasize
the reliability of these results and corroborate the
use of robotic rehabilitation for UL recovery in
stroke.

The outcome measure referred to pain (NRS) pre-
sented a tendency to decrease in both groups in
our study, even though it did not reach statistically
significant difference values. This result confirms
the non-negative influence of robotic treatment on
patients’ pain (Aprile et al., 2021; Huang et al,,
2022). Indeed, while pain has a negative impact on
the patient’s activities of daily living in addition
to inhibiting the affected UL motor recovery (Bay-
ley et al., 2012), a recent meta-analysis (Rogers et
al., 2019) demonstrated that robot-assisted therapy
can enhance the patient’s quality of life by lower-
ing pain and recovering the damaged limb’s motor
function.

When comparing the changes from baseline due to
the rehabilitation between the two groups, we found
greater improvement after robotic rehabilitation in
FMA-UE and Ml scales, meaning a better recovery in
UL motor function and strength, in the group under-
going rehabilitation with the structured customized
UL robotic treatment protocol implementation. These
results prove, for the first time, that a patient-tailored
treatment protocol is beneficial to improve UL func-
tion in people with subacute stroke. Notably, Bayley
et al. (2012) have already highlighted the importance
of assessing patient outcomes for prioritizing ther-
apeutic activities in a treatment protocol. Previous
attempts to produce comprehensive guidelines failed
in clarifying not only the optimal dosage in terms of
timing, frequency and number of repetitions (Calabro
etal., 2021), but also the subjects’ characteristics that
could benefit from the robotic treatment (Calabro et
al., 2021; Morone et al., 2021). We therefore address
the need for a more granular approach in guideline
recommendations with our robotic-tailored protocol.
A granular approach acknowledges the importance
of matching the right device to the unique needs of
the patient, taking into account his/her daily state, the
prominent aspects of their motor deficiency, the loca-
tion of the impairment (proximal or distal), and the
expected clinical outcomes. Similarly, this strategy
allows for a detailed determination of the most effec-
tive intervention mode in terms of robots’ exergame
parameters, considering factors like patient’s clini-
cal characteristics (such as those discussed here) and
specific rehabilitation goals.

The primary finding of our analysis was therefore
the clinical benefit of establishing customized proto-
cols for UL robotic rehabilitation in stroke patients.
It is noteworthy that this effort was made possible
by deploying the model of the RobotAREA devel-
oped by Aprile et al. (2019). Each device in the
RobotAREA acts on different UL joints and on
different plans of movement ensuring the patient
receives comprehensive rehabilitation with account
of his/her clinical needs. The present investigation
complements the strategic device selection with a
customization of treatments designed in the frame-
work of this rehabilitation model, to amplify the
clinical impact of the proposed robotic intervention.
Future research should hint at potential advance-
ments in its clinical feasibility, but also delve deeper
into the economic advantages and long-term out-
comes of these interventions, paving the way for more
comprehensive and accessible stroke rehabilitation
strategies.
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4.1. Limitations

The main limitation of our study is its retrospective
nature. It will be crucial to conduct future studies
to examine the application of customized treatment
protocols on a larger sample of patients, in various
settings and rehabilitation facilities with prospective
trials.

The analysis referred specifically to the Rob-
otAREA devices mentioned above. Our study should
be intended as a reference model of robotic treat-
ment, enabling healthcare practitioners to easily make
their deductions on the ideal robotic intervention. We
believe that our general approach based on common
ICF domain evaluation is easily applicable to differ-
ent rehabilitation scenarios by adapting the logic of
our flowcharts to the robotic setting in use, at least for
the same categories of robot and electromechanical
devices employed here.

In our analysis, we focused purely on motor and
functional measures of the post-stroke patient’s UL.
It would be of great significance to explore the cog-
nitive sphere, which has been extensively studied in
the literature in terms of attention, procedural mem-
ory, short-term memory, hemi-inattention, and so on
(Chen et al., 2013; Mullick et al., 2015; Rogers et al.,
2019). Indeed, patients must use cognitive strategies
while performing exergames during robotic therapy,
as proven in a recent meta-analysis (Mullick et al.,
2015; Nie et al., 2022; Xiao et al., 2022).

5. Conclusion

The implementation of tailor-made treatment pro-
tocols, organized in flowcharts, within a rehabilitation
setting of four robotic devices, significantly improved
UL motor function in subjects with subacute stroke.
To the best of our knowledge, this is the first study
implementing a customized robotic protocol for UL
treatment in stroke based on structured information
about the patient’s clinical state.
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